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Abstract

The human rhinovirus (HRV) is a positive sense RNA virus responsible for about 30% 

of upper respiratory tract infections or “common colds” . This virus relies on a 182 residue 

cysteine protease (3C gene product) to proteolytically processes its single gene product, 

to down regulate host cell processes and to bind to viral RNA (necessary for RNA tran

scription). Inhibition of this enzyme in vitro and in vivo has consistently demonstrated 

cessation of viral replication. This fact suggests 3C protease inhibitors could serve as good 

drug candidates. This thesis explores the structures of two states for the rhinovirus (serotype 

14) 3C protease (apo and acetyl-LEALFQ-ethylpropionate inhibited) via nuclear magnetic 

resonance. The inhibited form allowed for a comprehensive analysis of the proteolytic phar

macophore. Furthermore, a comparison with the X-ray structure of the 3C protease from 

rhinovirus serotype 2 (51% sequence identity) bound to a peptidomimic inhibitor allowed 

the identification of serotype conserved intermolecular interactions involved in proximal 

substrate binding. In addition, the use of an extended peptidyl inhibitor perm itted the 

study of downstream substrate interactions previously uncharacterized. Structural and dy

namic comparisons between the two states showed only minor conformational changes upon 

inhibition. However, dynamic changes on the slow time scale were evident. The dynamics 

were characterized with 1 H /2H exchange and showed tha t these differences were localized

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



within the enzyme’s C-terminal /'i-barrel domain, which contains the proteolytic recognition 

site. The RNA binding site, which resides on the opposite side of the protease relative to 

the proteolytic site, remains structurally identical and presents an overall exchange rate in 

the apo form tha t is proportional to the N-terminal domain. This thesis presents the first 

solution structure and the first complete set of chemical shift data for any picornaviral 3C 

protease. These data can now facilitate the study of interactions between the 3C protease 

with ligands and other picornaviral or host cell proteins. These latter studies might help 

answer some biological questions, specifically, what other roles the 3C protease might play 

in the picornaviral life cycle.
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Chapter 1

Introduction: Picornaviridae 
Pathology and N M R  M ethodology

1.1 Upper Respiratory Tract Infections

1 .1 .1  E p id em io lo g y  an d  E tio lo g y

In 2004, the National Institutes of Health estimated tha t the ‘common cold’ accounted 

for ~1 billion illnesses in the United States alone [1], The incidence breakdown is age 

dependent in which childred under 16 years of age acquire 6 - 8  infections, individuals aged 

16 to 45 get 2 - 3  infections and adults over 45 years of age suffer from ~1 infection per year

[2], A number of epidemiological studies have reported various statistics. This variability 

is dependent on the demographic area being studied, the circulating virus at the time of 

study and the method of detection. A study conducted in 1997 reported ~50% of colds were 

caused by rhinoviruses [3]. A more recent study has confirmed tha t the human rhinovirus 

(HRV) is actually responsible for about 25 to 35% of all adult colds [4]. The genetically 

related enteroviruses account for a large portion of the remaining infections, followed by a 

variety of other organisms including, coronaviruses, adenoviruses and respiratory syncytial 

viruses [5], while ‘cold’ infections due to bateria are rare. W ith the recent advent of optical 

thin film and multiplex RT-PCR based detection methods for clinical use [6 , 7, 8 , 9], these 

numbers should become increasingly accurate.
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1 .1 .2  C lin ica l P r e se n ta t io n

Rhinoviruses and enteroviruses have a tropism for the upper respiratory tract. This is 

maintained by their viral capsid, which dissociates at low pH and their preference to replicate 

at lower tem perature (33 °C). These viruses exploit a number of cellular surface proteins as 

receptors. The rhinoviruses in particular utilize the ICAM-1 and LDLR receptors to gain 

entry into the host cell. Once viral inoculation of the nose or upper respiratory tract occurs, 

an incubation period of 12 to 72 hours (average 8 - 1 6  hours) ensues. During this period, 

the concentration of virons is greatest and persons are most contagious. The cold virus 

readily transfers via hand to hand [10] and hand to surface [11] contact. Clinical symptoms 

generally start with a sore throat, followed by nasal congestion, rhinorhea (runny nose) and 

sneezing. These symptoms increase in intensity over a 2 to 3 day period and can lead to 

other complications such as headache and loss of taste and smell. Cough occurs in ~30% 

of patients. These symptoms persist for generally 7 to 10 days, however, they can persist 

for up to two weeks in ~25% of patients. During this time, sleep disturbances can occur for 

about 4 nights. In patients with concomitant lower respiratory tract illnesses such as COPD 

and asthma, rhinovirus infections can either precipitate exacerbations [1 2 ] or become more 

virulent themselves [2]. Futhermore, rhinovirus infections have been linked to childhood 

wheezing and are the most significant risk factor among children suceptible to developing 

allergies and asthm a [13].

These facts reiterate the fact tha t HRV infections are the most abundant viral infection 

worldwide and one of the leading causes of human disease and morbidity. Although the 

disease rarely results in mortality, the estimated economic impact in the United States 

alone is estimated to be 40 billion dollars annually. Each year, the impact of these illnesses 

translates into an estimated 90 million days of restricted activity and 45 million lost school 

days.

1 .1 .3  P h y s io lo g y  an d  L ife -cy c le  o f  R h in o v iru ses  

Picornaviral G ene P roduct and R N A  Translation

The Picornavirus (meaning ‘small’ RNA) family includes rhinoviruses and enteroviruses. 

As mentioned, members within this viral family exploit a number of host cell receptors
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1.1. UPPER RESPIRATORY TRACT INFECTIONS

for gaining access into a host cell. For example, enteroviruses bind to the host’s CD155, 

decay accelerating factor (DAF) and coxsackievirus and adenovrius receptor (CAR), while 

rhinoviruses have been shown to bind to the intracellular adhesion molecule (ICAM-1) and 

low density lipoprotein (LDL) receptors. Once a picornavirus viron particle gains entry into 

the host cell its positive sense RNA is released into the cytoplasm. The RNA genome is 

efficient at ‘hijacking’ the host cell replication machinery (ribosome and initiation factors) 

to process their 7.0-8.5 kb single stranded positive sense RNA genome (Figure 1.1) into 

a single 250 kDa gene product or polyprotein tha t contains all the structural and non- 

structural proteins necessary for viral replication. The polyprotein is divided into three 

distinct regions, P i, P 2 and P 3  (Figure 1.1). The P i region contains the precursor viral 

capsid proteins while the P 2 and P 3  regions contain the precursors of functional proteins 

im portant for viral RNA replication. A number of the non-structural proteins are quick at 

halting host cell processes, thereby turning the host cell into a viral replication factory.
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Figure 1.1: Picornaviridae G ene P roduct. The non-structural gene products (P 2 

and P 3 ) have their corresponding functions listed (PRO=protease; POL=polymerase; 
PERM=cell permeability enhancer). The L and 2A proteases have their cleavage sites 
indicated with red arrows. Cleave sites along the picornaviridae gene product tha t are me
diated by the 3C gene product are colored magenta. The ‘L’ protease is not present in the 
rhinovirus gene.

The viron gene contains a 5' internal ribosome entry site (IRES) tha t contains a number 

of untranslated structured RNA elements (UTR), which serve as a site for both viral and
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1.1. UPPER RESPIRATORY TRACT INFECTIONS

host cell protein binding. This binding is necessary for RNA translation and transcription. 

Rhinovirus RNA translation relies solely on the host cell’s translational machinery includ

ing the cap-binding eukaryotic initiation factor (eIF-4G) and the poly(rC) binding protein 

(PCBP). Once the polyprotein is translated, a number of cleavage events in cis and in trans 

occur to separate the viral proteins from the polyprotein. These are mainly carried out by 

two virally encoded proteases identified as HRV-2A and HRV-3C. The primary cleavage is 

carried out co-translationally by the 2A protease, which separates the P i region from the 

P 2 /P 3  region. Subsequently, the majority of the proteolytic processing within P i, P 2 and 

P 3  is carried out by the 3C protease.

H ost C ell D ow n-regulation

Once the polyprotein has been processed, a number of the functional proteins quickly 

shut down host cell activities. The 2A (and L protease in aphthoviruses) cleave host cell 

eukaryotic initiation factor (eIF-4G), thereby shutting down host cell translation. However, 

the RNA binding remnant of this protein is salvaged by the viral translation complex [14] 

and now has preferred binding to the viral IRES site. The viral 3D gene product contains a 

nuclear localization sequence (NLS), which is used to transport the fused 3CD gene product 

into the host cell nucleus [15]. Once inside the nucleus, the 3C protease self-cleaves from 

the 3CD heterodimer and proceeds to cleave the host cell RNA polymerase I, II and III, 

poly(A)-binding protein and transcription factors [16] between Gln-Gly sequence pairs. It 

has also been shown tha t the 2C polypeptide regulates the activity of the 3C protease 

[17]. In addition to the host protein cleavage carried out by the L, 2A and 3C proteases, 

cell membrane permeability is increased by the 2B protein [18] and the cellular secretory 

pathways are shut off by the 3A protein [19]. This latter event reduces the expression 

of MHC-1 molecules on the cell surface [20] thereby reducing the host’s immune response 

against the infected cell.

R N A  Transcription and V iron A ssem bly

In picornaviruses, the positive sense RNA genome is used to synthesize a negative sense 

RNA template, which in turn  is used to replicate more positive sense RNA genomes. These 

genomes can be used for additional RNA translation, can template more negative sense
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1.1. UPPER RESPIRATORY TRACT INFECTIONS
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1.1. UPPER RESPIRATORY TRACT INFECTIONS

RNA strand synthesis or they can be incorporated into newly formed viral capsids ready 

to infect more host cells.

The current opinion is tha t communication exists between the 5' and 3; ends of the viral 

RNA to mediate efficient RNA replication. As mentioned earlier, the 5' UTR region of the 

viral genome contains structured RNA elements (IRES) necessary for RNA transcription 

as well as translation. These elements (identified as I to VI) are responsible for binding a 

number of proteins. Elements IV, V and VI bind the PCBP-2 and elF proteins necessary 

for RNA translation. Upstream from these is the cloverleaf IRES I element known to bind 

the 3CD protein [21], which includes the viral RNA polymerase (3D gene product). The 

3AB gene product binds both the 5' and 3' ends of the RNA [22], It is also required for 

membrane association [23] and stimulation of the 3D polymerase [24].

The 3' end contains a poly-adenine sequence (n=12 to 100), which binds host cell poly(A) 

binding protein (PABP). It also contains an UTR region tha t binds viral 2BC and 3D 

proteins. In particular, the 2C protein (in addition to regulating the 3C protease and 

playing a role in vesicle formation) has confirmed ATPase and GTPase activity, although it 

has not yet demonstrated helicase activity. Host cell proteins are thought to form initiation 

complexes with the viral RNA. One host protein, hnRNP C, has been clearly identified to 

bind to the 3' end of negative sense viral RNA [25]. This protein along with a number 

of other host cell nuclear proteins have shown cellular rearrangement during picornaviral 

infection [26].

1 .1 .4  R h in o v iru s  T h era p y

Rhinoviruses include more than 110 known serotypes tha t are grouped into two sub

genuses, A and B. Rhinoviruses are composed of a capsid that contains four viral proteins 

V Pi, VP 2 , V P 3  and VP 4 , which are arranged into 60 repeating protameric icosahedral units. 

Genetic divergence within these capsid proteins are thought to be the cause of the antigenic 

diversity associated with these viruses. Such variability accounts for the diversity of cold 

symptoms, the frequency of colds and why incidence rates reduces with age. This kind 

of diversity, however, has hindered the development of a single cold vaccine [27, 28]. One 

capsid binding drug, Plecoranil, binds to the V PI protein and is believed to stabilize capsid 

unfolding and interfere with receptor binding. It has shown to inhibit ~92% of rhinovirus
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1.1. UPPER RESPIRATORY TRACT INFECTIONS

serotypes. However, because the incubation period of rhinoviruses is relatively short and 

the onset of clinical symptoms follow incubation, studies with Plecoranil have shown only 

a minor reduction of symptoms by ~1 day [29]. Another target for drug therapy is the 3C 

gene product, a relatively small 21 kDa cysteine protease. As discussed previously, the 3C 

protease is not only responsible for viral m aturation and poly-protein processing, but also 

for RNA binding [30] and host-cell disabling through selective proteolytic cleavage of key 

host proteins [31]. This is graphically illustrated in Figure 1.2. Because HRV-3C protease 

plays an im portant role in viral m aturation and inhibition of this enzyme has shown to be 

effective at halting viral replication [32], 3C protease inhibitors have been investigated as 

potential pharmaceutical agents in halting or treating some colds.

3C P rotease Targeting

Despite significant efforts over the last 20 years to develop and structurally characterize 

inhibitors for the 3C protease, only three X-ray crystal structures of the HRV-3C protease 

have been reported [32, 33, 34, 35] from the 110+ available serotypes (these representa

tives include serotypes 2, 14 and 16). Furthermore, only one coordinate data set for an 

inhibitor-bound form of the HRV2-3C protease (PDB code 1CQQ) has ever been publicly 

released. These structural studies have shown tha t this 182-residue cysteine protease is 

composed of a two-domain, /5-barrel structure similar to chymotrypsin-like serine proteases 

[33, 32, 34]. The active site is situated between the two domains and consists of a cysteine- 

histidine-glutamate catalytic triad along with an electrophilic oxyanion hole. The proposed 

mechanism of catalysis is outlined in Figure 1.3. A long, shallow grove in the C-terminal 

/5-barrel domain accommodates the wide range of peptide substrates recognized along the 

polyprotein gene product [36, 37]. Interestingly, cysteine proteases, unlike serine proteases, 

tend to recognize 4-5 residue cleavage sequences rather than single residue cleavage points 

(lysine/arginine for trypsin, hydrophobic residues for chymotrypsin). By convention, these 

substrate sequences are numbered as P n for residues preceding the scissile bond and P„/ for 

residues following the cleavage site. Residues from the P 5 (the fifth residue preceding the 

cleavage site) to P 3 ' (the third residue following the cleavage site) positions largely define 

the picornaviral 3C cleavage sequence.

Studies by Cordingley et al. [36] initially determined a minimal substrate recognition
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1.1. UPPER RESPIRATORY TRACT INFECTIONS
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Figure 1.3: C ysteine P rotease C ata lytic  M echanism . The catalytic mechanism for 
cysteine proteases involve a Cys-His-Glu triad. Current opinion favors a tetrahedral inter
mediate tha t gives rise to an acyl-enzyme intermediate. Once the N-terminal peptide is 
replaced by an available water molecule, the enzyme is returned to its active state, while 
the cleaved peptide leaves with its new intact C-terminal carboxylic acid group.
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1.1. UPPER RESPIRATORY TRACT INFECTIONS

sequence of six amino acids (TLFQ /G P). The HRV-3C proteases prefer a glutamine at the 

P i position, a glycine in the P i ' position and exhibit preference for a small, hydrophobic 

residue in the P 4  position [38]. Interestingly, the inclusion of proline in the V 2' position 

greatly increases substrate recognition [36, 37] and maintenance of residues to the P 5 posi

tion appears to increase cleavage efficiency.

This information has been utilized to direct the development of various irreversible 

peptidyl 3C protease inhibitors including ruprintrivir (formerly AG7088), which did entered 

clinical trials [39]. This inhibitor used an ethylpropenoate Michael acceptor group that 

undergoes nucleophilic attack. However, unlike an amide bond, its double bond undergoes 

rearrangement to form a stable adduct. This is graphically represented in Figure 1.4.

Nucleophilic Attack

Cys 146 O

His 40

Glu 71 O Eth
Ethylpropenoate

Cys 146 O

His 40

Glu 71 0  Eth

Inactive Enzyme

Cys 146 O

His 40

< JlN
H O

Glu 71 O Eth Ethylpropionate

Figure 1.4: 3C P rotease Inhibition  w ith  an E thylpropenoate M ichael A cceptor.
The catalytic mechanism for cysteine proteases is hindered with the covalent attachment 
of an ethylpropenoate group. A stable propionate group is formed following the covalent 
modification tha t irreversibly inactivates the enzyme.

In addition to this irreversible inhibitor, several peptide-mimic inhibitors tha t utilize re-
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1.2. NMR THEORETICAL PRINCIPLES

versible, competitive functional groups such as S-nitrosothiols [40] and alpha-ketoamides

[41] have also been investigated. Interestingly, the structure-activity relationship studies 

done to date have shown some unexpected serotype and subgenus diversity in binding 

affinity and efficacy. Specifically, investigations into planar, hydrophobic residues in the 

substrate S2 binding pocket presented different inactivation rates for the 3C proteases for 

serotypes 1A, 2, 10, 14, 16 and 89 [35]. These results were further investigated during 

irreversible-inhibitor optimization studies [42], which showed tha t hydrophobic moieties in 

the P 2 position were more favorable for serotype 14 proteases compared to serotypes 1A and 

10. In light of this information, a better understanding of the proteolytic pharmacophore 

might aid in the development of a more universal lead pharmaceutical candidate.

To examine these sub-genus diversities further, the structure of one of the more widely 

studied variants of the rhinovirus, serotype 14, was chosen for investigation. However, it 

was necessary to first determine the three dimensional structure of the apo or free enzyme. 

Following this, a pharmacophore analysis of the proteolytic site could be conducted. Two 

commonly used techniques are currently available for high resolution macromolecular struc

ture determination, X-ray crystallography and nuclear magnetic resonance (NMR). Other 

HRV-3C protease structures had been solved via X-ray crystallography. Our lab chose to 

use an alternative method, NMR. By using this method, we would obtain the first solution 

structure of any 3C protease to date and would be able to investigate or identify possi

ble structural artifacts such as crystal packing. In addition to the tertiary structure, the 

chemical shifts of the protein would be obtained, which provide the necessary template to 

facilitate NMR perturbation studies like inhibitor screening and address the study of many 

unanswered biological questions such as heterodimeration interfaces and regulatory mech

anisms. Because this study used NMR as the primary structural biological tool, a brief 

description of NMR, its fundamental principles, its experimental methodology and how this 

data  is utilized in macromolecular structure calculation is warranted.

1.2 N M R  Theoretical Principles

The nuclei of certain atomic isotopes can interact with a magnetic field and produce 

magnetic moments (ji). This property is dependant on an intrinsic property, the spin
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1.2. NMR THEORETICAL PRINCIPLES

angular momentum or I, which is quantized. Quantum mechanics dictates tha t each sub

atomic particle has a spin value of | .  The combination of these spins from the subatomic 

constituents defines the overall spin property of an atom, whereby isotopes with an even 

number of neutrons and protons (ie. 2 H, 1 2 C) have spin angular momentums I  of 0 and 

are not NMR active. Isotopes with an even to odd ratio of neutrons and protons (ie. XH. 

13C and 1 5 N) have spin angular momentums (I) of ^ and isotopes with an odd number 

of neutrons and protons (ie. 1 4 N) have spin angular momentums (I) of 1. Each of these 

isotopes having non-zero spins are visible under NMR experimentation, however, the latter 

have complicated spin states and are not ideal for NMR observation. In particular, spins 

> \  have a non-spherical charge distribution tha t produces a quadrupole moment, which 

affects the isotope’s relaxation time and broadens its NMR signal. Fortunately, elements 

with I = \  include the four most abundant organic atoms (H, C, N and 0 ) . The XH isotope 

of hydrogen has a natural abundance of >99%. The 13C and 15N isotopes of carbon and 

nitrogen, however, occur naturally with abundances of only 1.11% and 0.4% respectively. 

Observation of their NMR signal generally requires isotopic enrichment.

The isotopes with I = \  undergo a rotational motion or precession when an external 

magnetic field is applied. This rate of precession is known as the Larmor frequency (u>o) 

and is proportional to the strength of the applied magnetic field (Bo) and an intrinsic 

property of the nucleus known as the gyromagnetic ratio (7 ).

L00 =  ~ 7 # 0  ( 1 -1 )

Each nucleus has 2 /+ 1  possible spin orientation and 2 /+ 1  possible energy levels (E ) 

known as Zeeman levels:

£  =  21 +  1 (1.2)

Nuclei such as XH, 13C and 15N have spin numbers of ^ and can therefore adopt 2 possible 

energy levels defined by:

A E  = 7hB Q/2 n  (1.3)

where h is Plank’s constant (6.6363 x 10- 3 4  J*s) and 7  is the nuclear gyromagnetic ratio 

(l/s*T ). Hence, the energy difference between the two energy levels is directly proportional
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1.2. NMR THEORETICAL PRINCIPLES

to the strength of the applied magnetic field (Bo) and the gyromagnetic ratio (7 ). Different 

isotopes have different gyromagnetic ratios (7 ) and therefore, have different sensitivities to 

an externally applied magnetic field. For example, 1 H, 13C and 15N have gyromagnetic 

ratios of 2.6752 x 108  s_ 1  T _1, 6.728 x 107  s ' 1 T _ 1  and -2.712 x 107  s- 1  T - 1  respectively, 

making 13C ~  \  as sensitive and 15N ~  ^  as sensitive as XH (oc 7 I) when placed in the 

same magnetic field.

These nuclei will absorb a discrete amount of energy at their Larmor frequency when 

placed in the magnetic field. This energy will be divided between the 21+1 energy levels. 

The population difference between these energy levels is defined by the Boltzmann equation:

^  =  exp (1.4)
J’a

where N 3  and Na are the number of nuclei in the upper and lower energy states respectively, 

k is Boltzmann’s constant and T  is the tem perature in Kelvin.

Collectively the nuclei create a net magnetization (Mo) due to the unbalanced popula

tion, which aligns with and precesses about the applied magnetic field (Bo) at a rate known 

as the Larmor frequency. A nucleus can absorb or emit energy when it is excited or when 

it resonates at its Larmor frequency. This energy is supplied in the form of electromagnetic 

radiation (a radio frequency pulse) that is applied perpendicular to the external Bo field. 

This “pulse” generates a secondary magnetic field (Bi), which redirects the bulk magnetic 

momentum (Mo). By varying the phase, power and time of the electromagnetic “pulses” , 

the bulk magnetic angular momentum can be directed in a plane transverse to the detector. 

This RF excitation gives rise to the NMR signal in the form of a decaying sinusoidal wave 

or free induction decay (FID). The intensity of this signal diminishes as the nuclei relax 

back to their ground state and realign with the magnetic field (Bo). An illustration of 

a single pulse NMR experiment and the simultaneous detection of all protons following a 

single broadband EM pulse is shown in Figure 1.5.

The detection of the time domain (ie. FID) data for all the excited nuclei can be 

converted to a frequency domain spectrum through Fourier transformation:

poo
S(lu) =  /  s(t) e~iu)t dt (1.5)

Jo
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Figure 1.5: ID  N M R  E xperim ent. The free induction decay or FID of the XH atoms in 
the HRV14-3C protease following a single ID pulse experiment. The experiment is divided 
into three phases. In the initial phase, ‘d l ’, occurs before a RF pulse is applied. The 
protons are aligned with or against the applied magnetic field (Bo). Upon excitation with 
RF radiation at the NMR responsive atom ’s resonance frequency, the bulk magnetic moment 
(Mo) is aligned in a transverse plane relative to the NMR receiver coil (‘d2’ phase). As the 
small population excess of higher energy nuclei relax and realign back along the Bo field, 
their precessional frequencies about Bo induce decaying sinusoidal waves in the NMR coil 
during the acquisition phase. This analogue signal or FID from the multiple frequencies is 
digitized and Fourier transformed to present the customary NMR spectrum.
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1.2. NMR THEORETICAL PRINCIPLES

where S (lo) is the converted frequency from the time domain signal s(t) and has quantity 

with both amplitude and phase properties.

A vast amount of data about a biological macromolecule can be obtained from an in

creasingly large number of NMR experiments. Many of these experiments are used to 

derive what are known as chemical shifts. Additional types of NMR data such as NOEs 

and coupling constants are dependant on structure. These kinds of data  are usefull for 

macromolecular structure calculations in tha t they provide restraint information. These 

NMR derived data will be discussed briefly.

1 .2 .1  C h em ica l S h ifts

An NMR spectrum consists of several distinct features. The most prominent of these 

consist of peaks or clusters of peaks located at distinct positions or characteristic frequen

cies. These characteristic frequencies are called chemical shifts, <5, which result because 

of the different chemical environments experienced by each nucleus. The electron density 

surrounding each nucleus effectively “shields” the nucleus from the applied magnetic field, 

Bo, via their own magnetic fields. This leads to each nucleus experiencing slightly different 

magnetic field strengths, B i, defined by:

Hi =  B 0(l -  a) (1.6)

where a  is the “shielding” constant. This constant is comprised of a number of terms, which 

includes but is not limited to electron density, paramagnetic, diamagnetic, neighbor and 

ring current effects. These combined influences alter each nucleus electronic environment, 

thus differentiating their perceived Bo and their precessional or Larmor freqency. These 

differences are what give rise to the different peaks that comprise a complex spectrum 

(Figure 1.6), rather than a single freqency or single peak for each NMR sensitive nucleus.

The differences in these frequencies is relatively small. Therefore, it is customary to 

report each nucleus’ precessional frequency as a chemical shift, a. The chemical shift if 

measured in terms of parts per million (ppm) relative to a chemical shift standard such 

as DSS. This value is thus independent of the Bo and is comparable with values collected 

on different spectrometers with different magnetic field strengths. By convention the ppm

14
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1.2. NMR THEORETICAL PRINCIPLES

values are calculated with the following formula:

(ppm) Vobserved Vreferencex  1 0 6 (Hz) (1.7)

c h 3 -  c h 2 -  o h

V spectrometer
where v are the measured rotational fre

quencies in Hertz. An incredible amount of 

information is available from chemical shift 

analysis. The very fact tha t chemical shifts 

are present in different areas of the NMR 

spectrum can identify the various types of 

nuclei (1 HN, 1 Ha , 1 3 Ca , etc.) present. Fur

thermore, because they are sensitive to their 

local environment, slight changes in their 

positions within their usual or character

istic spectral regions can indicate their lo

cal secondary structure [43] and provide a 

q~  wealth of knowledge regarding cysteine re

dox states [44], histidine tautomeric states

1 .2 .2  C o u p lin g  C o n sta n ts

Another im portant NMR phenomena

Figure 1.6: ID  'H  N M R  Spectrum  o f |45] m d hydroge" bond tongths [46) 
Ethanol. The ID NMR spectrum shows 
the different peaks observed for the differ
ent protons covalently bound to the methyl 
and methylene carbons on ethanol. The dif
ferent electronic environments experienced by 
the protons resulting from their proximity to are coupling constants or J ,  which are man-
the de-shielding hydroxyl group gives rise to ifested as split peaks or fine structure “mul- 
the different chemical shifts, shown here to be
~1.1 ppm and ~3.5 ppm for the methyl and (Figure 1.7). These manifesta-
methylene protons respectively. tions result in splitting of a given peak for

an NMR active nucleus when it neighbors

non-equivalent nuclei (generally < 3 bond 

lengths). The low and high energy states (a  and j3) tha t are adopted for the neighboring 

spin nuclei influence the magnetic field of the observed nuclei such tha t slight variations 

of its Larmor frequency result.

15
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■17 Hz

9 Hz

9 Hz

0.40
2180 2175 2170 2165

Frequency (Ha)
21S5 2150 2145 2140 2135 2130

Figure 1.7: J-C oupling C onstants. The fine splitting observed in a coupled ID ]H NMR 
spectrum is depicted in this peak.

These differences in the Larmor freqency result is different chemical shifts or “peak split

ting” . These constants are magnetic field strength independent and reflect the rate at 

which nuclear magnetization is transfered between NMR sensitive nuclei, such as ]H and 

1 5 N, through their covalent bonds. The existence of J-couplings allowed for the develop

ment of a number of NMR experiments tha t can indirectly detect covalently linked nuclei. 

Examples of these experiments include the 1 5 N-HSQC, 1 H-1 H-TOCSY [47], HNCO [48] 

and HNCACB [49] experiments. These 2D and 3D experiments transfer magnetization be

tween adjacent, “coupled” nuclei. It is through experiments such as these tha t respective 

atoms within the residue assigned specific chemical shifts and ‘spin systems’ for individual 

residues within a protein sequence can be linked. The individual J-coupling contants can 

be measured directly from experiments like the 2D 1 H-1 H-COSY [50] or indirectly from 

experiments like the 3D HNHA [51]. Equally im portant is the fact tha t these couplings are 

contingent on the orientation between the bonds tha t covalently link the atoms. This rela

tionship is useful in defining the geometric orientation between the atoms and can be used 

to define torsion angular restraints during molecular structure calculation. An example of

16
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1.2. NMR THEORETICAL PRINCIPLES

this information derivation is given by the Karplus equation [52]:

3 Jab = A *  cos2(0 — 4>) -\- B  * cos(Q — 4>) +  C  (1.8)

where (!) is the interatomic three-bond dihedral angle, 0 is the coupling dependant phase and 

3  J  is the three-bond coupling constant between atoms a and b. A, B and C are empirically 

derived constants optimized for each kind of coupling. For example, </> is -60° and constants 

of 6.98, 1.38 and 1.72 are used for calculating the phi dihedral angle restraints in proteins 

from 3Jhnho  couplings [51]. This is represented graphically in (Figure 1.8).

Jhnha Coupling Constant and Phi Angle Relationship
12

Beta

S heet
10

8 Left H anded 

A lpha Helix
N

33
$ 6

H elix4

2

0 >— 
-180 "90 Phi Angle (degrees) o 90

Figure 1.8: 3 J h n h o i  Karplus Equation R elationship . The relationship between cal
culated 3J  HNHa coupling constants and the the bond dihedral angle tha t connects the 
atoms is represented by the graph. Inserted in the graph is a diagram showing the <fi dihe
dral angle formed between the bonds. Certain types of secondary structure have distinct 4> 
angles (/3-strands: ~  -120°, a  helices: ~  -60°) and therefore, give rise to distinct 3  J-coupling 
constants ( > 8  Hz and <  4 Hz respectively).
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1.2. NMR THEORETICAL PRINCIPLES

1 .2 .3  N u c le a r  O verh au ser  E ffect

Besides the through bond-transfer of magnetization (J-coupling) tha t was just described, 

magnetization can also be transfered through space by saturating the higher energy state 

nuclei. These saturated nuclei can thus transfer magnetization to a neighboring nucleus (<5 

A) resulting in a net enhancement of the NMR signal among the neighboring nuclei. This 

correlation, termed the Nuclear Overhauser Effect or NOE is inversely related to the inter

acting protons (i and j )  inter-atomic distance by a factor of djj-6. This spatially influenced 

signal enhancement fades quickly and is used to derive inter-proton distance restraints or 

NOEs from experiments like the 3D 15N -edited NOESY [53] and 3D 1 3 C-edited NOESY

[54]. This information forms the cornerstone of macromolecular structure determination by 

NMR. Long range {i\j > 4 residues apart) NOEs aid in determining the three dimensional 

‘fold’ of a given macromolecule, which can be derived from methyl to methyl proton contacts 

and characteristic weak, medium and strong NOE patterns between spatially close hydro

gen atoms. For example, anti-parallel /3-strands exhibit characteristic cross-strand NOEs 

tha t include strong and medium intensity NOE signals from the corresponding d aa (~2.2 

A) and djvjv (~3.6 A) distances between the interacting protons [55]. This is illustrated in 

Figure 1.9.

Stand 1

Strand 3
. Strand 2

Strand 1

Strand 3
Strand 2

Figure 1.9: /3-Strand Secondary Structure. The positional relationship of inter-residue 
protons residing on adjacent anti-parallel /3-strands is shown in this wall-eyed stereo image. 
The network of hydrogen bonds between adjacent strands are shown by broken yellow lines. 
The typical cross-strand H/y-H,v and Ha-Ha NOEs observed in NMR spectra tha t result 
from this secondary structure are represented by broken blue lines. Ha hydrogens are not 
shown for clarity.
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1.2. NMR THEORETICAL PRINCIPLES

Table 1.1: T i, T 2 and t c v s ,  P rotein  M olecular Weight^.

tc (ns) 35 °C Mwt (kDa) 15N T x (ms) 15N T 2 (ms) 13C T x (ms) 13C T 2 (ms)
5 1 0 410 150 410 40
7 1 2 500 1 1 0 550 30
9 17 600 90 700 25

i Adapted from Protein NMR Techniques[56]

1 .2 .4  P h y s ic a l P a ra m e ter  C o n sid e ra tio n s

Another characteristic of NMR spectra are the shapes or widths of the peaks (Figure 

1.10). In particular, the linewidth or “sharpness” of NMR peaks depend on the size of 

the molecule and the rotational correlation time (rc) of the molecule being studied. Two 

relaxation times (Ti and T 2 ) are related to this intrinsic parameter. The relationship 

between T 2 , T i and t c for proteins of varying sizes is given in Table 1.1.

A nucleus’s spin-lattice (T i) relaxation time correlates proportionally with the size of the 

molecule and is the time needed for a nucleus to return to equilibrium following excitation by 

a RF ‘pulse’. Therefore, a protein’s T i time determines the recycle delay between collecting 

consecutive FIDs and therefore, the amount of data  collected on a sample in a given time 

period. This is im portant because the more FID data  tha t is averaged together improves 

the signal to noise of any given NMR experiment.

The r c is related inversely to the spin-spin relaxation time (T 2 ), therefore, higher molec

ular weight species exhibit reduced spectral quality due to increased spectral line widths 

(Figure 1.10). Increasingly larger line-widths result in spectral overlap and make measure

ment of spectral data like coupling constants and NOEs difficult. Figure 1.10 indicates tha t 

a key factor for obtaining good NMR data is related to the size of the protein being stud

ied. Although the molecular weight of a protein is intrinsic, it can be artificially inflated 

by self association or inter-protein interactions, which significantly increase r c and reduce 

T 2 . These detrimental consequences, however, can sometimes be controlled through sample 

purification conditioning. For these reasons, determining sample conditions tha t maximize 

the T 2 time (ie. maintain a monomeric state) are im portant for obtaining high quality 

NMR data.
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40

30

20

10

0
5 10 15

xc(ns)

Figure 1.10: P rotein  r c vs. Spectral L inew idths. Adapted from Protein NMR Spec
troscopy: Principles and Practice [57]. The relationship between increasing r c and and 
increasing linewidths is linearly proportional. Linewidths for protons in an unlabelled sam
ple (—), for protons bound to 13C (• • -) and 15N ( ).

1.3 Macromolecular Structure Determ ination

Before many structural biology questions can be addressed, it is often necessary to have 

a macromolecular structure of a protein, DNA or carbohydrate in hand. There are many 

questions tha t can be answered from low resolution structures or global folds . Examples 

include functional classification and macromolecular structure interface identification, how

ever, other questions like the analysis of a protein’s pharmacophore or detailed structural 

interactions with a ligand require more detailed, high resolution structures. To obtain such 

data a series of experimental steps are generally followed, which are itemized:
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1.3. MACROMOLECULAR STRUCTURE DETERMINATION

1. Sample Preparation

2. Data Collection

3. Sequential Assignment and Validation

4. Structure Calculation and Validation

Each of these steps is equally im portant, however, first and foremost is the procurement of a 

concentrated, protein sample tha t is also stable at conditions conducive to collecting NMR 

spectra. Weakly concentrated samples, with or without contaminants and poor stability 

can end the NMR study of a protein prematurely. It is absolutely critical tha t the best 

available samples be used for the collection of NMR data. This will afford the best possible 

data, will aid the spectral analysis and expedite the project.

1 .3 .1  N M R  S a m p le  P r e p a r a tio n

High sample purity is not only necessary to reduce any signals tha t might come from 

contaminant sources but also minimize possible protein-protein interaction. Furthermore, 

NMR sample stability must exceed the time required to collect a standard three dimensional 

heteronuclear NMR experiment, which is on the order of 72 to 96 hours (3 to 4 days). Factors 

tha t seed aggregation or precipitation need to be addressed as these processes reduce the 

amount of material available for NMR detection (< mM).

Interactions with contaminant sources can be detrimental if the contaminant is a pro

tease. Fragments resulting from proteolytic processes can reduce the amount of material 

available for detection, seed precipitation and produce additional signals tha t increase spec

tral complexity tha t can further complicate the assignment process. Because the HRV14-3C 

protein is proteolytic, auto-lysis requires consideration during protein purification and sam

ple preparation.

Experimental conditions such as concentration, pH and temperature, although dictated 

by a given proteins stability, can affect the NMR data  quality and can limit the viability 

of any NMR study. Obviously, increasing the protein concentration directly increases the 

number of nuclei available for detection. However, increasing the concentration can also 

increase the likelihood of protein self-association. Therefore, the maximum possible con

centration a protein can tolerate without seeding precipitation needs to  be determined prior
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to starting any heteronuclear NMR experiment.

A number of heteronuclear NMR experiments involve detecting nuclear frequencies in

directly by transferring NMR induced magnetization to the solvent exchangeable backbone 

amide proton. Sample conditions tha t minimize the exchange process, like acidic pH, are 

important considerations when optimizing sample conditions. Temperature is another im

portant parameter tha t requires balance and compromise when conducting NMR experi

ments. Sample temperature affects the quality of NMR data in a number of ways. Although 

decreasing the sample tem perature increases NMR sensitivity (Equation 1.4), increasing the 

tem perature decreases the protein rotational correlation time (rc), thereby improving spec

tral linewidths (Table 1.1). Furthermore, increasing the sample tem perature can increase 

the number of spin systems undergoing fast exchange and thus increases the number of 

visible spin systems by reducing the number of nuclei undergoing intermediate exchange. 

Therefore, deriving sample parameters tha t maximize the stability of protein samples at 

above room temperature conditions is often beneficial. These parameters were taken into 

consideration when developing the expression and purification protocols for the HRV14-3C 

protease and optimizing its solution state conditions.

1 .3 .2  D a ta  C o lle c tio n  an d  S eq u en tia l A ss ig n m en t

Structure determination of smaller proteins (<10 kDa) can often be completed with 

the use of ID and 2D proton spectroscopy. This work can be readily conducted on the 

naturally abundant and highly sensitive XH nuclei. However larger proteins like HRV14-3C, 

suffer from severely overlapped spectra and require enrichment of 15N and 13C isotopes. 

Enrichment with these isotopes improves spectral resolution by allowing separation of the 

spin systems between the various nuclear ‘dimensions’. This concept is represented in Figure 

1 . 11 .

Usually, an ensemble of heteronuclear NMR experiments are collected and analyzed 

simultaneously to piece together the intra and inter-residue connectivity within a protein 

macromolecule. A variety of complimentary 2D and 3D NMR experiments like 1 5 N-HSQC, 

HNCA [58], HNCACB [49] and C(CO)NNH [59] provide both intra (i) and inter-residue 

(i — 1) chemical shift information (ie. 5 of i *Hn to i and i — 1 1 3 Ca and ViCp nuclei). 

This “overlap” is used to connect each residue’s distinct spin system and sequentially link
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ID Proton Spectrum

4
‘H

T “
0

2D TOCSY 15N Edited TOCSY-HSQC

'H

8
'H

130

120

110
N

1-

Figure 1.11: M ultip le D im ension N M R  E xperim ents. Illustrated are representations 
of one, two and three dimensional NMR experiments for as tripeptide (Gly-Val-Thr). The 
glycine NMR peaks are colored blue, the valine peaks are colored green and the threonine 
peaks are colored red. A number of NMR peaks are overlapped in the ID experiment (A), 
including the H a ’s for all the residues and the H y’s for the valine and threonine residues. 
These peaks become somewhat resolved in the 2D-1 H-TOCSY experiment (B) when cor
related along the H/v region. However, the Ha and H7  regions still remains overlapped. 
When these spin systems are further resolved along the 1 5 N-dimension in the 3D 1 5 N-edited 
TOCSY-HSQC (C), complete resolution of the three spin systems becomes clear. All axes 
are in ppm.

them. These distinct ‘blocks’ of spin systems can then be assigned to regions within the 

protein sequence, thereby completing the protein’s chemical shift assignments. In addition 

to these inter-residue connectivity experiments, NMR spectra like the HCCH-TOCSY [60] 

and CCH-TOCSY [61, 62] are useful in providing and completing intra-residue side-chain 

information.

Collectively, this process is called sequential assignment and must be completed prior 

to any further NMR analysis. Generally, this process is straight-forward, however, it can 

sometimes present problems if regions of the protein being studied undergo intermediate 

chemical exchange. An example of the assignment process using a variety of NMR experi

ments is shown in Figure 1.12.
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C(CO)NNH HNCA C(CO)NNH HNCACB HNCA C(CO)NNH HNCACB HNCA C(CO)NNH HNCACB HNCAC(CO)NNH HNCA

H(CCO)NNH HNHA H(CCO)NNH HNHA H(CCO)NNH HNHA H(CCO)NNH HNHA H(CCO)NNH

Figure 1.12: Sequential C onnectiv ity . An example of how a residue’s ‘spm system ’ 
is completed and linked sequentially to adjacent residues within a protein sequence by 
using combinations of NMR experiments. The x-axis for all spectra is the amide proton 
dimension. All axes are in ppm. Broken blue lines join intra-residue NMR peaks. Broken 
black lines connect 1 3 Ca i and i — 1 peaks within the HNCA experiment between sequentially 
adjacent residues. Broken green lines connect 1 3 Ca and 13Cg i and i — 1 peaks between 
sequentially adjacent residues in the C(CO)NNH and HNCACB experiments. Broken red 
lines connect i and i -  1 1 II0 peaks in the HNHA and H(CCO)NNH experiments between 
sequentially adjacent residues. Strips in the top row show examples from HNCA, HNCACB 
and C(CO)NNH spectra, which are used to assign carbon chemical shift data to a given 
residue. Some of these experiments (HNCA and HNCACB) provide intraresidue (i) and 
preceding residue (i — 1) chemical shift information. Other experiments (ie. C(CO)NNH) 
give only preceding (i — 1 ) information. Overlaying this data allows for the chemical shifts 
to be assigned to a particular residue within the protein sequence. The strips shown in the 
bottom row are from HNHA and H(CCO)NNH experiments. These experiments are used 
to complete the proton chemical shift assignments for a given residue and can also be used 
to aid in the sequential assignment.
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1 .3 .3  S tr u c tu r e  C a lcu la tio n

Once the chemical shifts of a protein are assigned, structurally dependent data (NOEs) 

can be derived from NOESY spectra. These spectra typically resemble TOCSY spectra due 

to the close proximity of intra-residue nuclei. However, closer inspection reveals a number 

of additional signals tha t arise from distinct, non-covalently bound protons (Figure 1.13).

These NMR signals are im portant for deriving inter-proton restraints between nuclei 

tha t may be quite distal sequentially but quite close spatially. This is represented in Figure 

1.14. By gathering these data  and quantizing them, a set of inter-proton distance re

straints or NOEs can be obtained and entered into programs like XPLOR [63] and CYANA

[64], These programs use distance geometry and simulated annealing protocols to ‘fold’ the 

molecule into a three-dimensional structure tha t satisfies the input distance data (ie. no 

violations). Generally an ensemble of structures is generated and the structures presenting 

the lowest energy scores with no or minimal violations are selected to represent the experi

mental structure. Energy terms are usually calculated empirically by comparing geometric 

parameters such as bond lengths, bond angles and van der Waals contacts to ‘idealized’ 

parameters. Although NOEs form the basis of these calculations, other data like dihedral 

angle restraints (derived from 3  J-coupling constants) and hydrogen bond restraints can be 

used to improve convergence after the preliminary structures are determined. Chemical 

shifts can also be used to derive torsion angles. Furthermore, refinement in explicit solvent 

can improve geometric parameters and overall structure quality [65].
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13C15N
NOESY-HSQC NOESY-HSQC 

V47
H(CCO)NNH H(CCO}NNH

^  D 4 6  ^  V 47

Yl«----

HNHA
154

INNHH(CCO|NNH
V47

154P43 K53

T19 Hn

8.6 0.7

V47
NOESY

8.1 8.0 0.3 9.6 9.09.09.3

Figure 1.13: N O E  D ata  D erivation. All axes shown are for the proton dimensions and are 
in ppm. The various strip plots show data from a variety of different spectra for a number 
of spatially close residues within the HRV14-3C protease. The labels inserted in each strip 
plot represents the specific residue tha t each strip plot provides chemical shift information 
for. The two boxed strip plots show NOE data for Val47. Val47,s “spin system” is connected 
by orange lines. The extra signals within the NOESY plots arise from inter-residue NOEs. 
Broken lines connect these NOE peaks to “spin system!'1 peaks derived from the J-coupled 
experiments. Blue lines connect NOEs to Val47’s amide proton (obtained from the 1 5 N- 
edited NOESY-HSQC experiment). Red lines connect NOEs to one of Val47,s 1H7  protons 
(obtained from the 1 3 C-edited NOESY-HSQC experiment). These NOEs correlate to both 
sequential (i= l) and distal (i> l) NOEs and are mapped onto the structure shown in Figure 
1.14.
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L 4 8

T19
K53

154
P43

L 48

T19
K53

154
P43

„ 1546

Figure 1.14: N O E s for V al47. Wall-eyed stereo view of spatially adjacent residues to Val47. 
Blue broken lines show NOEs obtained from the 1 5 N-edited NOESY-HSQC spectrum and 
red broken lines show NOEs obtained from the 1 3 C-edited NOESY-HSQC spectrum. The 
strip plots from these spectra used to assign these NOEs are shown in Figure 1.13. Protons 
have been removed from this structure for clarity. The broken lines depicting NOEs are 
drawn from the heavy atoms, C (red) and N (blue), bonded to the protons. The spin 
diffusion artifact observed for the 1 H7i protons of Val4 7  (through the 1 H7 2  protons) to the 
4 Hn of T h r 1 9  is shown in green.

1.4 Thesis Outline

To gain a better undertanding of the sub-genus diversity observed for the HRV-3C 

proteases, we used NMR as an experimental method for the structure determination of the 

HRV14-3C protease both with and without a covalently bound peptide inhibitor. Although 

the structure of the apo form was first described 1 2  years ago, this structural data has 

never been released. Another key motivating factor to complete the HRV14-3C protease 

structure lies with the fact tha t it belongs to the rhinovirus sub-genus B group and its 

structure would allow detailed comparison with the sub-genus A, HRV2-3C protease, whose 

X-ray structural data have been released.

In addition to the introduction, this dissertation consists of five additional chapters that 

describe the preparation of the protein, the NMR sample conditions, the synthesis of the 

peptide inhibitor, the solution structure of the inhibited form of the enzyme and the so

lution structure of the apo form of the enzyme. More specifically, Chapter 2 outlines the 

methods used to express the protein in E. coli cells and subsequently purify it, in which 

care was taken to minimize possible deamidation products tha t had been identified in previ-
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ous studies. Following this, solution conditions were examined tha t would be conducive to 

collecting NMR spectra (ie. high concentration, low salt, etc.) tha t optimized sample sta

bility. Chapter 3 discusses the synthesis of an inhibitor for the HRV14-3C protease. Initial 

sequential assignment work on the protease was difficult due to weak NMR signals and poor 

sample stability (~1 week). This redirected the research toward improving stability and 

NMR spectra quality. The improved results were far greater than expected and ultimately 

led to the completion of the NMR structure of the inhibited enzyme. This work is presented 

in chapter 4, which outlines all the NMR experiments used to obtain the backbone, side- 

chain and restraint data. The methods used to assign the protein chemical shifts are also 

presented. Likewise the structure calculation and quality assessment is outlined. Finally, 

this chapter analyzes the pharmacophore of the enzyme and compares it to the homologue 

HRV2-3C protease. New insights into upstream scissile bond interactions are also presented 

and discussed. Chapter 5 addresses the chemical shift assignment and solution structure 

generation of the apo HRV14-3C protease. New purification steps improved the sample sta

bility and the now-known, inhibited structure provided a necessary template to complete 

the apo structure. Alternative methods were also used to calculate this structure. These 

methods are described along with a structural and dynamic assessment between the apo 

and bound forms of the enzyme. The thesis concludes with a brief discussion of possible 

future directions this project might take.
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Chapter 2

Expression, Purification and 
Sample Preparation of the  
HRV14-3C Protease

2.1 Introduction

The yield of pure protein is an im portant consideration in obtaining high quality NMR 

spectra. Likewise, as outlined in Chapter 1, the production of protein samples for NMR fre

quently requires the incorporation of diamagnetic isotopes (15N and 13C). Isotopic labelling 

can be costly depending on the amount of protein expressed per litre of production culture 

and the amount of protein lost during purification. In addition, poor sample stability neces

sitates the need for larger production volumes and/or increased number of production runs. 

This fact alone can make the study of some proteins by NMR quite prohibitive. However, 

sample recovery via refolding protocols can play a pivotal role in reducing costs and ensur

ing project success. In many cases, the development of such protocols may be needed if the 

sample precipitates out of solution after only a few days or weeks following concentration.

The complexity of a given sample preparation can significantly affect production yields. 

Multiple steps involving precipitation, refolding, multiple chromatography runs and dial

ysis complicate protocols, increase the potential for procedural errors, negatively impact 

experimental reproducibility and reduce the quantity of protein recovered for subsequent 

steps. Because no step along the production pipeline is ever 100% efficient, the availability 

of material for subsequent steps is dependent on the efficiency of the preceding step and the 

technical skills performed at the bench.
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2.2. MATERIALS AND METHODS

Previously published expression and purification protocols for the HRV14-3C protease 

describe a variety of complex multi-step procedures with a multitude of different parameters 

[1, 2, 3, 4], However, due to their complexity, attem pts to reproduce some of these purifi

cation protocols resulted in mixed results. Furthermore, the majority of the HRV14-3C 

protease studies published prior to our investigation focused on biological questions that 

did not require the production of large quantities of pure protein. In fact, only one paper 

explored the production of NMR samples [3] with reported yields of only 8.5 mg/L. Unfor

tunately, no additional expression or purification optimization was reported subsequent to 

this paper.

Therefore, it became evident tha t before initiating any structural work on the HRV14- 

3C protease, a re-examination of the expression and purification protocols for this enzyme 

would be required. Solution conditions tha t balanced the stability of the protein with sample 

conditions ideal for NMR experimentation would also require derivation. The significance 

of these concerns is highlighted by the fact tha t the HRV14-3C protease is a relatively large 

protein (182 residues) for NMR studies. The previous chapter emphasized the correlation 

between protein size to the quality of NMR data. This relationship played an im portant 

part in our efforts directed at optimizing the expression and purification of HRV14-3C. This 

chapter describes the pivotal experiments tha t directed the decision process in achieving 

the following goals:

1. Development of an efficient expression and purification protocols for the HRV14-3C 

protease.

2. Development of optimal sample conditions for NMR experimentation.

2.2 M aterials and M ethods

Sterile microbiology procedures were used throughout the expression, purification and 

sample preparation. Equipment and materials were either flame or autoclave-sterilized. 

Temperature sensitive solutions or buffers were filtered through 0.22 /rm cut-off membranes. 

Agar plates were prepared in a laminar flow hood. All formulas and recipes used in the 

production and purification of HRV14-3C where adapted from Molecular Cloning: A Lab

oratory Manual [5] and are outlined in Appendix A.
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2.2. MATERIALS AND METHODS

2 .2 .1  S D S -P A G E  G e l A n a ly s is

Freshly prepared 12% gels (70 mm) were placed into BIORAD™ Mini-PROTEAN II 

cells, covered with running buffer. All trapped air bubbles subsequently removed. Samples 

were combined with 2x loading dye (1:1 ratio) in 1.5 ml epindorf tubes and heated above 

100 °C for 5 to 10 minutes for supernatant and pelleted samples respectively. Once cool, 5 

/d of each sample were pipetted into separate wells and loaded into the gel. The gel was 

initially run with a running voltage of 90 V for 5 minutes. Samples were separated using a 

voltage of 180 V for 50 to 60 minutes. Following the separation, the gels were rinsed with 

water and submerged in staining buffer whereby staining ensued for 1  hour on a rotating bed 

at 30 RPM. Following this, the staining buffer was decanted and the de-staining solution 

added. The destaining procedure was allowed to proceed overnight until the gel was clear 

and protein bands were visible. Gels were dried at 25 °C for 24 to 48 hours between layers 

of pre-softened cellophane stretched over a square frame after being rinsed with dd H 2 O.

2 .2 .2  E n z y m a tic  A c t iv ity  A ssa y

The presence of HRV14-3C in different chromatographic fractions was confirmed with a 

commercially available colorimetric assay from Bachem™ (EALFQ-p-nitroaniline; product 

#  M-2075). Reactions were conducted using: 1999sing 25 /d aliquots of purified HRV14-3C 

protease in chromatography buffer (Appendix A ) and 50 //I of 2.5 mM EALFQ-pNA in 750 

pi of dd H 2 O. This resulted in a final buffer concentration of 0.75 mM TRIS-HC1, 150 /iM 

DTT and 62.5 jjM  EDTA. The reaction temperature was 25 °C. Peptide cleavage by HRV14- 

3C yielded free p-nitroaniline tha t was monitored at 405 nm [6 ] for 10 minutes. Positive 

results with this assay not only confirmed the presence of HRV14-3C but also identified 

which remaining fractions should be checked via SDS-PAGE gel analysis for HRV14-3C 

presence and purity.

2 .2 .3  B rad ford  A ssa y

The BIORAD Bradford assay [7] was used to quantify the concentrations of all HRV14- 

3C samples. A stock solution of BSA (1.44 mg/ml) was diluted to provide 6  standard 

solutions with concentrations of 0.2, 0.3, 0.4, 0.6, 0.7 and 0.9 mg/ml. Brilliant Blue G-250

37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2. MATERIALS AND METHODS

dye solution was diluted 5 fold in dd H 2 O and filtered through W hatm an # 1  filter paper. 

One hundred //I of each standard was added to 5 ml of dye and allowed to react for 5 minutes 

before measuring the absorbency at 595 nm on an Pharmacia-Biotech UltraSpec 3000 UV 

spectrometer. These data were fitted and the linear relationship was used to quantify the 

concentrations of unknown HRV14-3C samples.

2 .2 .4  C h r o m a to g ra p h y  R e s in  B in d in g  E x p e r im e n ts

Fifty (A aliquots of the E. coli lysate supernatant (described in section 2.2.6), which 

contained the HRV14-3C protease in lysing buffer (Appendix A) at pH 9.0 - 9.2, were added 

to various anionic and cationic Sepharose™ resins (Q, DEAE, SP and CM) pre-equilibrated 

in 20 mM phosphate buffer (0.5mM EDTA and 2mM DTT) with various pHs (9.3 to 4.3) 

at a 1:2 ratio in 1.5 ml epindorph tubes. The resulting pHs were measured and the samples 

were placed onto a rocker bed at room temperature for 2 0  minutes, which allowed the 

proteins to bind to the resin. Aliquots of these samples (5 pi) were then removed and run 

on SDS-PAGE gels to analyze protein binding.

2 .2 .5  H R V 1 4 -3 C  P r o te a se  E x p ress io n

The pET-3a plasmid containing the HRV14-3ABC gene (a gift from M.N.G. James, Uni

versity of Alberta) was transfected into BL21(DE3) pLysS E. coli cells via electroporation 

(1.8 kV for 5 ms). One of the cultures from this procedure, having confirmed expression and 

antibiotic resistance, was isolated and used to make a 50% glycerol freezer stock (labelled 

OCT22-D). This stock was stored at -80 °C and used for all subsequent production of the 

HRV14-3C protease.

E. coli cells (OCT22-D) were streaked onto LB media plates containing ampicillin (100 

pg/m l) and chloramphenicol (50 //g/ ml) using a sterile platinum loop and incubated at 37 

°C for 12 to 24 hours. A starter (overnight) culture was prepared by transferring a few 

isolated colonies from the LB plate using a flame sterilized platinum loop to 25 ml of filter 

sterilized TB media in a 125 ml bevel flask and capped with sterile foil. The overnight 

culture was agitated at 37 °C on a rotating bed at 325 RPM for 20 to 24 hours. The 

overnight culture was allowed to equilibrate to room temperature and used to inoculate 1 L 

of TB media. The 1 L production culture was inoculated with enough overnight culture to
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2.2. MATERIALS AND METHODS

produce an initial ODeoo of ~0.1 (~10 ml starter culture) and separated into four 1 L bevel 

flasks (250 ml media per flask). These cultures were covered with sterile foil and agitated 

on a bench-top shaker-incubator at 325 RPM at 37 °C until the ODgoo reached ~0.8 - 1.2. 

Upon reaching this optical density, production cultures were induced with 1.6 mM IPTG. 

The temperature was reduced to 30 °C and the cells were allowed to express the HRV14- 

ABC poly-protein for 1 2  to 14 hours. Booster doses of antibiotics were administered at 6  to 

8  hour intervals throughout the culture growth and protein expression phases to maintain 

plasmid presence. Booster doses of chloramphenicol however, were neither required nor 

administered during expression as this antibiotic is required to maintain the repression of 

T7 RNA polymerase during production culture amplification. Protein expression protocol 

modifications as described by Marley, et al. [8 ] were utilized to adapt the expression protocol 

for [U-13C /15N]-HRV14-3C samples. This protocol involved initial growth of E. coli cells 

in 1 L TB media. These cells were subsequently followed by pelletint in a Sorvall RC-3 

swinging bucket centrifuge at 3000 RPM (2300 x g) for 30 minutes once the cellular O D roo 

reached 0.8 to 1.0. The TB media was then decanted and the cells were rinsed with an 

equal amount of PBS. The PBS was removed in the same manner {it. re-pelleting the 

cells followed by cantation of the saline). The cells were then resuspended in 250 ml of 

[U-1 3 C / 1 5 N]-enriched minimal media1 and returned to the rotating bed at 325 RPM and 

37 °C. Following a one hour recovery phase at these conditions the cells were induced with

1.6 mM IPTG and the tem perature was reduced to 25 °C. Protein production was allowed 

to ensue for 12 to 14 hours upon which the cells were harvested by centrifugation in a 

Sorvall RC-3 swinging bucket centrifuge at 3000 RPM (2300 x g) for 30 to 60 minutes. The 

minimal medial was decanted and the cell pellet stored at -20 °C until required for protein 

purification.

2 .2 .6  H R V 1 4 -3 C  P r o te a se  P u r ifica tio n

Following the production phase, the cells were harvested by pelleting in a Sorvall RC-3 

swinging bucket centrifuge at 3000 RPM (2300 x g) for 30 to 60 minutes. The supernatant 

was decanted off and the pelleted cells were resuspended in 40 ml lysing buffer. Cell lysis

1 Isotopic labelling was achieved by replacing NH4 CI and glucose listed in the MM recipe (Appendix A) 
with 1 5 N-enriched NH4 CI and 1 3 C-enriched glucose variants.
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was performed with three freeze-thaw cycles (-70 to 4 °C). Thirty to forty drops of 10% PEE 

was added and gently mixed into the lysed cells to precipitate DNA. The lysed cells were 

then centrifuged at 15,000 RPM (26,000 x g) for 30 to 40 minutes to pellet the cellular and 

precipitated matter. The resulting supernatant was collected via pipette and layered onto 

a chromatography column filled with either Q-Sepharose™ or DEAE-Sepharose™ anionic 

exchange resin pre-equilibrated at 4 °C with chromatography buffer (Appendix A). Eight 

to nine millilitre fractions were collected at a rate of 3 to 5 ml/min. The HRV14-3C 

protein eluted shortly after the initial flow-through with greater than 90% purity (Figure 

2.1). Detection of the HRV14-3C protease was achieved with the enzymatic assay (section 

2.2.2) and its purity was confirmed with SDS-PAGE gel analysis (section 2.2.1). Fractions 

containing the HRV14-3C protease were loaded to a 50 ml BioGel-HA® hydroxyapatite 

column2 and eluted with a 40 - 175 mM gradient of K 2 HPO 4 . Pure HRV14-3C fractions 

were pooled and dialyzed in phosphate buffer (Appendix A) using 5000 MW cut-off dialysis 

membranes. Quantification of HRV14-3C was conducted using the Bradford assay [7]. 

Samples obtained with the methods outlined here provided yields tha t exceeded 60 mg/L.

2 .2 .7  B u t to n  T est

Hampton Research microdialysis cells (10 //l) were used for screening NMR sample 

conditions. A purified sample of HRV14-3C (~0.12 mM) was first dialyzed into dd H 2 O at 

pH 7.0 and allowed to equilibrate to 25 °C. A 1 2  /d sample was placed into each microdialysis 

button and air bubbles removed. The microdialysis buttons containing the sample were 

covered with 5000 MW cut-off dialysis membrane, which was secured with an O-ring, and 

placed in 10 ml of 20 mM potassium phosphate buffer with various pHs (4.7 - 7.5) and NaCl 

concentrations (0 - 150 mM) and allowed to equilibrate and exchange buffer at 25 °C. Sterile 

procedures were employed throughout the experiment to prevent sample contamination. 

The conditioning experiment was allowed to proceed for 3 weeks. Samples were checked for 

precipitation using a WILD M20 microscope at 300x magnification.

2This step was only employed for the production of the [U-1 3 C / 1 5 N]-apo HRV14-3C NMR sample used 
to collect data subsequent to  the backbone assignment experiments.
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Figure 2.1: DEAE-Sepharose™  C hrom atography R esults. The chromatography UV 
absorbency trace measured at 280 nm and the corresponding SDS-PAGE gel fractions are 
shown. HRV14-3C eluted in fractions 18 to 22, which are marked on the chromatography 
trace. The lack of UV absorption is due to the lack of tryptophan residues in HRV14-3C’s 
primary sequence. The lane marked D contains the pooled fractions containing the pure 
HRV14-3C protease after dialysis.

2 .2 .8  R e fo ld in g  P r o c e d u r e

A convenient method to recover the precipitated protease was derived from a variety 

of reported purification schemes tha t employed protein refolding subsequent to denaturing 

with 7 M urea [3]. Adaptations to these protocols provided a method tha t recovered in 

excess of 80% active protease (confirmed with the colorimetric EALFQ-pNA assay [6 ]). 

The devised protocol employed the use of 20 mM cysteine along with DTT as reducing 

agents. The DTT concentration was in excess of 10-fold that of the protease. Precipitated 

HRV14-3C samples were diluted to a concentration below 1 mg/m l in denaturing buffer. 

Solubilized protein samples were transferred to 5000 MW cut-off dialysis membrane and 

dialyzed against 20 mM phosphate buffer (pH 6.5, 0.5 mM EDTA and 15 mM DTT). 

Dialysis was carried out at 4 °C in 1 L graduated cylinders with magnetic stir bars. The 

buffer was exchanged every 4 to 12 hours in which the buffer was changed every 4 to 6  hours 

during the initial 3 exchanges to reduce the concentration of urea as quickly as possible. 

A minimum of 6  buffer changes were performed to ensure urea concentrations decreased to 

sub nM levels.
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2.3. RESULTS AND DISCUSSION

2 .2 .9  N M R  S a m p le  P r e p a r a tio n

HRV14-3C protease samples were concentrated to 0.5 - 1.0 mM via ultrafiltration. D 2 O 

(10%) was added to maintain the spectrum lock and 0.1 mM DSS was added for chemical 

shift referencing3. All samples were filtered through Millipore Ultrafree-MC® 0.45 fim cut

off filters. Protein samples were transferred to either W ilmad® 5 mm thin-walled NMR 

tubes and sealed under argon or to SHIGEMI® microcell NMR tubes.

2.3 Results and Discussion

2 .3 .1  H R V 1 4 -3 C  P r o te a se  E x p ress io n

Upon beginning the HRV14-3C project, some initial milestones had been met by other 

researchers. The HRV14-3ABC gene construct had been inserted into the pET-3a plasmid 

between the BamHI restriction endonuclease sites and this vector had been transformed into 

E. coli competent cells (BL21(DE3) pLysS) via electroporation (1.8 kV for 5 ms). Upon 

expression, the 3C protease self-cleaves from the 3ABC gene product. Confirmation of this 

was reported by Birch and coworkers [3] and confirmed by SDS-PAGE gel analysis. Initial 

attem pts at purifying the protease provided sufficient yields (~10 mg/L), to confirm the 

presence of active protease using the EALFQ-p-nitro-aniline colorimetric assay [6 ] available 

from Bachem™. However, the amount of soluble protein in the supernatant 6  hours after 

induction was relatively low in comparison to the whole cell extract and the purity was 

far below acceptable levels for initiating NMR experimentation. A ttempts to retrieve sol

uble protein from the precipitated pelleted involved a variety of techniques tha t included 

dissolving via sonication, denaturation with urea and subsequent refolding via dialysis [9], 

selective precipitation with (N H ^SC U  and ion exchange chromatography. Many of these 

protocols were explored previously by other groups [1, 2, 3]. Unfortunately, attem pts to 

replicate many of these protocols resulted in failure. Additionally, work conducted by Birch 

and coworkers [3] identified the majority of this insoluble pelleted material to be comprised 

of truncated HRV14-3C protease.

30.1 mM NaN3  was added to the [U-13C /15N]-apo HRV14-3C NMR sample used to  collect data subsequent 
to the backbone assignment experiments.
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Given this insight, our attention was redi- 

stnd b e d a b e  d rected at maximizing the amount of soluble

14 hours

b c (j <J 

2 hr 3hr 4hr 14hr

B

expressed protein, rather than recovering 

possible insoluble, truncated material. The 

yield of HRV14-3C protease was success- 

1* HD# illllli fully maximized by lowering the expression

temperature to room temperature ( 25 °C) 

from the original expression temperatures of
h r d

30 °C [10] following the initial cell growth at 

14 hO U T S  ^ °C. Yields were also improved by increas

ing the expression time from 6  to 14 hours. 

These results are shown in Figure 2.2. As 

seen from this figure, the amount of mate

rial in the pellet increases with the length

Figure 2.2: SD S-PA G E Gel: Induction of time post induction, while the amount
E xperim ents. Gel A  shows pelleted frac- r , . , . , . ,. , .■ . of soluble material remains non-existent tor
tions from samples taken at various times fol
lowing induction. Gel B shows the corre- up to 4 hours following induction. After
sponding supernatant fractions. Lower case ,, . ,. , ,. , ; . r. , , . . . this time however, the relative amount of
letters denote the various samples. Lane a  is
the uninduced control sample. The standard precipitated material does not seem to in
lane (Stnd) contains relatively pure HRV14- , ., ,, , TT„ T ,„ „  , . i r • crease while the amount of soluble HRV14-3G protease obtained from a previous expres
sion run. 3C does. Fourteen hours after induction

there is a 60:40 split between precipitated 

protease in the pellet and soluble protease in the supernatant. The amount of protein in 

the soluble fraction is consistent with reports by Knott and coworkers [1]. These yields were 

further increased with administration of ampicillin ( 1 0 0  /ig/ml) after 6  hours of induction 

to maintain the presence of the pET-3a HRV14-3ABC plasmid.

N164D deamidation products have been previously reported with the HRV14-3C pro

tease [11], The production of these products could result from host cell or auto-catalytic 

events because the asparagine residue is followed by a glycine and because the cell lysis was 

conducted at alkaline pH. To limit potential enzyme mediated deamidation, all the protein 

purification steps were conducted at 4 °C and therm al cycling was carried out from -70 to
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4 °C. These temperatures prevented the effective use of DNAse and contributed substan

tially to the purification time. However, this approach significantly added to the fraction 

of soluble protein obtained.

The production of protein NMR samples generally requires 1 3  C and 1 5  N isotopic la

belling. Although labelled yeast and algae cell extracts have been employed with success

[12], the expression in minimal media (MM) with single sources of these isotopes ( 1 3 C- 

glucose and 1 5 N-NH4 C1) is a cost-effective alternative. Initially, to incorporate these iso

topes in minimal media, the E. coli BL21(DE3) pLysS cells were conditioned by growing 

them on MM plates. However, it was later observed that the Marley protocol [8 ] eliminated 

the need for MM prior to expression and provided good yields of pure protease (~60mg/L). 

This protocol was used later in the production of all [U-13C /15N]-HRV14-3C protease sam

ples subsequent to the preparation of the first double-labelled sample.

2 .3 .2  H R V 1 4 -3 C  P r o te a se  P u r if ica tio n

Figure 2.3 shows the resulting cell ex

tract supernatant when applied to DEAE- 

Sepharose™ beads. The systematic reduc

tion of the pH produced an increasingly 

cationic state of the HRV14-3C protease 

(theoretical p i 8.454  calculated with Prot- 

Param [13]), which resulted in reduced 

binding to the anion exchange resin. As the 

pH becomes more alkaline and the protein 

becomes more anionic there is binding of 

the HRV14-3C protease along with the ma

jority of E. coli proteins (above pH 7.25).

Isoelectric focussing work was never con

ducted, however, it was hypothesized that the apparent binding of HRV14-3C above pH 7.25 

was possibly a N164D deamidated form. Not readily apparent from this SDS-Page gel is

4Isoelectric focusing work done by Cox et al. [11] confirmed the isoelectric point (pi) of the native 
HRV14-3C to actually be 8.9 and the pi of the N164D deamidation product to be 8.3.
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Figure 2.3: Sepharose™ C hrom atogra
phy R esin  B inding E xperim ent. Vari
ous supernatant samples following application 
to DEAE-Sepharose™ beads at different pHs, 
which are displayed at the bottom  of each 
lane.
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tha t the binding of HRV14-3C was not proportional to the contaminant E. coli proteins. In 

particular, the contaminant proteins bound with greater affinity due to their lower pis com

pared with the HRV14-3C protease. These results were used by Birch and co-workers [3] to 

extract HRV14-3C granules at pH 7.5, which then required further ion exchange chromatog

raphy and refolding steps. This strategy was also utilized in the protocol described here 

(.Appendix B ) whereby an anionic exchange resin was used as a filtration step. However, 

the supernatant containing the native HRV14-3C protease was applied to the resin near 

HRV14-3C’s isoelectric point. These results are shown in Figure 2.1 where the supernatant 

and the DEAE-Sepharose™ anion exchange column had their pHs adjusted to the protein’s 

pi (~ 8 . 8  - 9.2). The HRV14-3C protease eluted just after the initial flow-through with 

greater than 90% purity. These results were repeated when the supernatant was subjected 

to a stronger anionic binding resin, Q-Sepharose™ (Figure 2.4).

-29
B

SNTD Load 14 15 16 17 18 19

Load 20 21 22 23 24 25 26 27 28

Figure 2.4: Q-Sepharose™ Purification  o f th e  H RV14-3C P rotease . Trace A shows 
the UV absorbency at 280 nm for HRV14-3C purification fractions run through a 120 ml 
Q-Sepharose™ chromatography column at 4 °C (pH 9.0; flow rate 2.5 ml/min). Fraction 
numbers are give at the top of the trace with the corresponding positions marked on the 
trace with an asterisk. The SDS-PAGE Gels show the corresponding purification results 
for fractions collected in Trace A. The weak binding of the HRV14-3C protease around pH 
9.0 to the anionic exchange column affords a slightly longer retention time compared with 
contaminant E. coli proteins and provides the elution of pure protease.

These data show the HRV14-3C protease eluting through the column just after the con-
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tam inant E. coli proteins with higher pis. The weak binding of the HRV14-3C protease 

with the anionic exchange column led to a slightly longer retention time compared with the 

contaminant proteins and yielded very pure protease.

An additional step following the Q-Sepharose™ column was employed for the purification 

of a [U-1 3 C / 1 5 N]-apo HRV14-3C protease sample used for collecting NMR spectra subse

quent to the backbone assignments [14]. This step involved binding the protease to a 50 ml 

BioGel-HA® hydroxyapatite column. The protease was eluted with a 40 to 175 mM potas

sium phosphate gradient wash using a flow rate of 2 to 3 ml/m in and concentrated to 0.99 

mM in the NMR sample buffer with the addition of 0.1 mM NaN3 . These changes afforded 

a dramatic increase in sample stability from ~ 3  days to ~ 6  months. The exact reason for 

this enhanced stability remains unclear and was not investigated. Although higher sample 

purity was achieved with the use of an additional chromatography column, the inclusion of 

NaN3  may have provided non-specific inhibition of the enzyme as azides have been used as 

moieties for drug development against the 3C proteases [15, 16, 17].

2 .3 .3  H R V 1 4 -3 C  C h ro m a to g ra p h y  F ra ctio n  D e te c t io n

The HRV14-3C protease lacks a UV absorption band at 280 nm (UV2 8 0 nm) due to the ab

sence of tryptophan residues in its amino acid sequence.

A pure sample of the HRV14-3C protease 

(the dialyzed fraction shown in Figure 2.1, 

lane D) was subjected to a UV absorption 

scan (Figure 2.5), which confirmed the poor 

absorption at 280 nm. Consequently, de

tecting its elution from the chromatography 

column was hindered. These results are il

lustrated in both Figures 2.1 and 2.4, where 

the elution trace does not correlate with the 

corresponding fractions containing HRV14- 

3C as confirmed with SDS-PAGE gel analy

sis. Therefore, the p-nitroaniline assay (section 2.2.2) proved im portant for identifying which
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Figure 2.5: U V 2oo-360nm Scan o f th e
H RV14-3C P rotease. The absorption UV 
trace from 200 to 360 nm for the pooled dial
ysis fraction shown in Figure 2.1.
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chromatography fractions might contain the HRV14-3C protease. The time of HRV14-3C 

elution was estimated from column volume and flow rate measurements and used to test the 

suspected fractions for active HRV14-3C protease with the pNA activity assay. Subsequent 

to identifying the first fraction containing the HRV14-3C protease, consecutive fractions 

were subjected to SDS-PAGE gel analysis to confirm both the presence and purity of the 

HRV14-3C protease.

2 .3 .4  P r o te a se  Q u a n tifica tio n

The low UV2 8 0  absorption also led to errors when quantifying the HRV14-3C protease 

when using methods relying on predicted extinction coefficients alone. Protein concentration 

can normally be estimated using the Beer-Lambert equation:

C * £ *1 = ABS280nm  (2.1)

Where C is the protein concentration given in mg/ml, ABS2 8 0 nm is the UV absorption at 

280 nm in units ml/mM*cm , I is the length of the light path through the sample in cm 

and e is the wavelength-dependent molar absorptivity (extinction co-efficient) with units of 

cm-1M-1 . c, however, is calculated from the number of tryptophan and tyrosine residues 

(assuming the measured wavelength is 280 nm) using the equation:

£ =  (5700 * # W  +  1300 * # Y )  (2 2)
Protein  M w t (Da)

The lack of tryptophan residues in the HRV14-3C protease’s primary amino acid sequence 

estimated it’s £ around 0.26 cm_1M_1 and resulted in overinflated quantifications of protein 

concentration, presumably from an e below 1 cm-1 M-1 and possible UV2 8 0 nm absorption 

from contaminant sources.

Protein quantification thus relied on the use of the Bradford Assay [7], which quantifies 

protein samples from 5 to 100 qg by comparing the unknown samples absorption at 595 nm 

(ABS5 9 5nm) t°  a standard curve created from samples with known protein concentrations. 

After protein samples are incubated for 5 minutes in coomassie Brilliant Blue G-250 dye, the 

absorbence maximum shifts from 465 nm to 595 nm when binding to arginine and aromatic 

residues occurs, which then stabilizes the single proton anionic form of the dye [18].
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2 .3 .5  N M R  S a m p le  S ta b ility

Preliminary NMR samples were prepared in slightly alkaline conditions (pH 7.5) with 

100 mM NaCl and only 0.2 mM of protein. These samples exhibited poor stability and 

precipitated readily following concentration. The button test (Table 2.1) described by 

Bagby et al. [19] was performed to examine the stability of the HRV14-3C protease at 

room temperature under various pH and salt conditions.

Table 2.1: B u tton  Test R esults for th e  H R V14-3C P rotease after 3 w eeks

pH  /  [NaCl] 0 mM 50 m M 100 m M 150 m M

4.7 ** ** ** **

5.5 ** ** ** **

6.5 V *** nd
7.0 * * * nd
7.5 * ** ** nd

* Indicates the relative amount of observable precipitation 
v Conditions void of visible precipitation 
nd Not determined due to experimental flaw

These results demonstrate tha t slightly acidic conditions (pH 6.5) and no salt would main

tain soluble HRV14-3C protease for long periods of time (>3 weeks). These conditions 

closely resemble those reported by Birch et al. [3] who also reported the preparation of an 

NMR sample with the following conditions: 20 mM MES, 1 mM EDTA, 1 mM DTT, pH 6.5. 

Conveniently, our derived conditions (0 mM NaCl, 0.5 mM EDTA, 15 mM DTT, 20 mM 

KH 2 PO 4  at pH 6.5) were amenable to collecting NMR experiments and were subsequently 

used for all HRV14-3C protein NMR sample preparations. These conditions allowed NMR 

samples to remain in solution at concentrations above 0.5 mM for a few hours before visible 

precipitation.

Both oxidized and reduced states of the protease were studied for their stability. The 

non-reactive, oxidized state of the protease precipitated upon oxidation via pumping filtered 

air into a dialysis vessel containing dilute HRV14-3C protease at the optimized sample 

conditions. In contrast, maintaining a reduced state of HRV14-3C with a buffer containing
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15 mM D TT afforded soluble protease at NMR concentrations above 0.5 mM for a few days 

before precipitation was visible. These experiments resulted in the NMR sample conditions 

listed above and afforded protein stability long enough to collect a sufficient number of three 

dimensional heteronuclear NMR experiments. These experiments ultimately provided the 

backbone assignments of the apo HRV14-3C protease [14] . An initial ID 1H NMR spectrum 

of the apo HRV14-3C protease prepared using the outlined conditions is shown in Figure 

2 .6 .

10.5 10.0 6.5 l.O 7.5 7.0 6.5 6.0 5.5 5.0 4.5 .0 3.5 3.0 2.5

Figure 2.6: Prelim inary ID  1H N M R  Spectrum  o f th e HRV14-3C P rotease . This 
complex spectrum results from the Fourier transformation of the FID shown in Figure 1.5. 
The spectrum is referenced to DSS at 0.00 ppm.

2.4 Conclusion

The objectives for this phase of the HRV14-3C project were to obtain pure, concentrated 

protease with conditions tha t afforded protein stability long enough to collect an average 

three dimensional NMR experiment. In completing the experiments outlined in this chap

ter, the expression was optimized by minimizing the extent of inclusion body formation 

by lowering the expression temperature and increasing the initial time for expression time
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2-fold. The purification of the HRV14-3C protease was optimized by applying the cell lysate 

to a single anionic exchange column. Sample stability of the apo HRV14-3C protease was 

further improved with the use of a second binding and elution step through a hypoxyapatite 

column. These protocols employ a simplified strategy and produce higher yields than any 

other protocol published to date. A quantification strategy that relied solely on the Bradford 

assay was used to compensate for the fact tha t the protein lacked any tryptophan residues. 

The initial one dimensional NMR spectra for the HRV14-3C protease (Figure 2.6) provided 

sufficient results to initiate sample conditioning experiments (Table 2.1). These experi

ments provided improved sample stability and allowed the collection of 3D heteronuclear 

NMR experiments. Futhermore, a refolding protocol was derived for recovering denatured 

protease. The exact protocols developed during this work are outlined in Appendix B.
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Chapter 3

Synthesis and Evaluation of the  
HRV14-3C Protease Inhibitor: 
Acetyl-LEALFQ-Ethyl Propenoate

3.1 Introduction

The intent of this study was to complete the apo structure of the HRV14-3C protease. 

However, the initial structural work conducted on the uninhibited protease using standard 

NMR methods presented some difficulties that resulted from sample precipitation, possible 

degradation signals and a number of missing amide signals in the 1 5 N-HSQC spectrum. 

At this time, some interesting correlations were also made from homologous 3C proteases. 

Specifically, the HRV2-3C enzyme (51% sequence identity with HRV14-3C) was solved with 

a peptide-mimic inhibitor (AG7088) and presented uniformly low B-factors throughout 

protease, which included the substrate binding site [1]. This was in contrast to the large B- 

factors reported for the apo Polio-3C protease [2 ], which shares 49% sequence identity with 

the HRV14-3C protease. These large B-factors were seen in both the substrate binding 

site and in areas involved with interdomain contact (Figure 3.1, Figure 3.2). Therefore, 

it was suspected tha t the lack of amide signals for the HRV14-3C enzyme belonged to 

residues undergoing intermediate chemical exchange and these residues were localized to the 

proteolytic substrate binding region. Furthermore, it was hypothesized tha t by inactivating 

the enzyme, stabilization of the HRV14-3C protease might follow and these NMR signals 

might become visible. Indeed, if these missing signals were localized to the proteolytic site, 

then this re-direction would prove to be critical.
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HRV2-3C vs. Polio-3C B-factors
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Figure 3.1: HRV2-3C vs. Polio-3C  B-factors. Regions with large B-factors for the apo 
Polio-3C protease (lL lN .pdb: structure A) are localized around the proteolytic binding 
site and interdomain contact areas. These regions are comparably immobile in the in
hibitor bound HRV2-3C protease (lQ CC.pdb), which presents relatively constant B-factors 
throughout the structure. The B-factors reported were obtained from the backbone 1 3 Cq, 
atoms.

W ithout NMR data from the proteolytic residues, an assessment of the active site phar

macophore did not seem possible. It was also suspected that stability issues might also be 

resolved as various proteolytic cocktails are available for reducing host cell degradation of ex

pressed proteins and improving the stability of proteolytic enzymes. Furthermore, because 

a number of picornaviral 3C proteases had already been studied successfully with bound 

inhibitors [3, 4], it was suspected tha t inhibition of the HRV14-3C protease with a substrate 

might also prove beneficial. This rationale led to the synthesis of the acetyl-LEALFQ-ethyl 

propenoate inhibitor tha t is discussed in this chapter.

Specifically, to investigate the inhibitor-bound structure of the HRV14-3C protease, an 

irreversible peptidyl inhibitor was designed on the basis of the modified 2C/3A cleavage 

sequence described by Wang et al. [5] and the Michael Acceptor ethyl propenoate inhibitor 

described by Dragovich et al. [6 ] and Matthews et al. [1], The strategy reported here
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HRV2-3C
|^ G 7088

Figure 3.2: Structural R elationship  o f  F lexib le  R esidues in P icornaviridae 3C  
Proteases. Molecular surface renderings for the apo Polio-3C and inhibited HRV2-3C pro
teases. A: Residues with high B-factors for the apo Polio-3C protease are shown. Residues 
with B-factors greater than 30 are colored light blue. Residues with B-factors greater than 
40 are colored dark blue. B: The surface rendering of the AG7088 inhibited HRV2-3C 
protease is shown with covalent inhibitor, AG7088 (colored red). Residues with only back
bone contacts with AG7088 are colored magenta. Residues with side-chain van der Waals 
contacts to AG7088 are shown in blue.

builds upon previously published work tha t developed peptide-mimic covalent modifiers for 

the enzyme. However, this effort also focused on the incorporation of a relatively large 

natural peptide fragment of sufficient size tha t would allow investigation of downstream 

substrate interactions tha t have not yet been characterized. This chapter describes the 

synthesis of the peptidyl inhibitor used to inactivate the HRV14-3C protease. Furthermore, 

the characterization of the inhibitor pre-incubation with HRV14-3C is described along with 

the experiments conducted to confirm covalent attachment.

3.2 M aterials and M ethods

3 .2 .1  In h ib ito r  S y n th e s is

The six residue peptidyl-ethyl propenoate inhibitor was synthesized in two steps. Briefly, 

an acetylated peptide (Acetyl-L-Leu-L-(OtBu-Glu)-L-Ala-L-Leu-L-Phe-COO- ) was prepared 

via Fmoc solid phase peptide synthesis and chemically coupled in solution to a L-[(TYt)- 

GIn]ethyl propenoate moiety tha t was synthesized based on methods described by Dragovich

[6 ]. The synthesis protocol is outlined in Figure 3.3 and the specific details follow:
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a  |---------- R1 = OH   Com pound A
R1 = N(OCH3)CH3 ..........................................................  C om pound B

b  ̂-  R1 = H      C om pound C
R2 = Acetyl-L-Leu-L[(tBu)Glu]-L-Ala-L-Leu-L-Phe... Com pound E
R3 = Acetyl-L-Leu-L-Glu-L-Ala-L-Leu-L-Phe ........  C om pound F

Figure 3.3: Synthesis o f th e  A cetyl-L E A L FQ -E thylpropenoate Inhibitor: Reagents 
and conditions (Trt =  CPI1 3 ). (a) 1 mEq Isobutyl Chloroformate, 2 eq NMM, 20 minutes, 
0 °C — ► 1 mEq HC1 HN(OCH3 )CH3, 0 °C, 20 minutes — > 2  hours, 25 °C, 70%. (b) THF, 
1.75 mEq DIBAL, -78 °C, 4 hours, crude, (c) THF, 1 mEq (Et0 ) 2 P 0 CH 2 C0 2 Et, 1 mEq 
NaN(TMS)2 , -78 °C then 20 minutes 0 °C. Crude C in THF, 2  hours, -78 °C — ► 10 minutes, 
0 °C, 45%. (d) D in solution with 4 M HC1 in 1,4-dioxane, 3 hours, 25 °C. Then 0.21 mmol 
peptide, 0.27 mmol HOBt, 90 /A NMM, 0.28 mmol EDC, 24 hours, 25 °C, 50%. (e) 0.278 
mmol E, 140 /d TIS, TFA, 30 minutes, 25 °C, 99%.

Acetyl-L-Leu-L-(OtBu-Glu)-L-Ala-L-Leu-L-Phe-COO_ (R2). All solid phase pep

tide synthesis reactions were done under normal atmospheric pressure at 25 °C in a frit 

plugged polyethylene column reaction vessel. The resin was washed between reactions with 

successive rinses and filtering of DMF ( 3 x 2  minutes), isopropyl alcohol ( 3 x 2  minutes) 

and DMF ( 3 x 2  minutes). 2-Chlorotrityl chloride resin (0.175 g, 0.1 mmol) was swollen 

by shaking in 2 ml of DMF for 5 minutes and filtered. Fmoc de-protection of amino acids 

(0 . 2  mmol for phenylalanine and 0 . 8  mmol for successive amino acids leucine, alanine, O- 

tButyl-glutamic acid and leucine) was accomplished by shaking the resin-bound peptide 

with freshly prepared 25% piperidine in DMF (5 ml). Activation of successive amino acids 

was accomplished by addition of N-methylmorphiline (200 //I NEET) in 2 ml DMF. The 

coupling agent HBTU (1.6 ml of 0.45 M solution in DMF) was used for all reactions following 

the coupling of phenylalanine to the 2-Chlortrityl resin. The coupling reaction mixture was 

agitated and allowed to proceed for 45 minutes upon which the resin was washed and small
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samples were removed for the Kaiser ninhydrin test to confirm reaction completion prior 

to addition of subsequent amino acids. The peptide was capped with activated acetic acid 

(45.6 /d, 0.8 mmol) for the final coupling reaction. Peptide cleavage from the 2-Chlortrityl 

resin was achieved by agitation in 10 ml of acetic acid - TFA - DCM (1:1:3) for 2 hours. 

The peptide was rinsed with acetic acid - DCM (1:4; 2 x 10 ml) and concentrated to a white 

foam (130 mg, 0.189 mmol, 94%).

[Boc-L -(T rt-G ln)]-N (O M e)M e (C om pound B). N-a-Boc-7 -trityl-L-glutamine, Com 

pound A  (1 mEq, 1.87 g, 3.67 mmol) and NMM (2 mEq, 810 /A, 7.35 mmol) were added 

to 25 ml DCM at 0 °C. Isobutyl chloroformate (1 mEq, 477 /d, 3.68 mmol) was added to 

the solution and stirred for 20 minutes. N,0-dimethylhydroxylamine hydrochloride (1 mEq, 

3.67 mmol, 360 mg) was added and the solution was stirred for a further 20 minutes at 0 °C 

then for 2 hours at 25 °C. The reaction mixture was partitioned between H 2 O (15 ml) and 

DCM (2x15 ml). The organic layers were combined and dried over Na2 S0 4 , concentrated to 

20 ml and purified over a 200 ml flash chromatography column (50-35% hexanes in EtOAc), 

which provided C om pound B (1.36 g, 2.56 mmol, 70%) as a white foam.

[Boc-L-(Trt-G ln)]-H  (C om pound C). C om pound B (1.36 g, 2.56 mmol, 0.70 mEq) 

was solubilized in 8  ml THF at -78 °C and stirred for 20 minutes. DIBAL (6.4 ml of 1 M 

solution in toluene, 1.75 mEq) was added and stirred at -78 °C for 4 hours. The reaction 

was quenched with successive additions of methanol (338.4 /il) and 1 M HC1 (846 //I) and 

warmed to 25 °C. The suspension was diluted with ethanol (12.69 ml), washed with 1 M 

HC1 (3 x 10 ml), 50% saturated aqueous NaHCOs (10 ml) and H2 O (10 ml). The organic 

layer was dried over MgSCH, filtered and concentrated to give C om pound C as a white 

solid.

[Ethyl 3 -B oc-L -(T rt-G ln)]-(E /Z )-propenoate (C om pound D). A solution of tri- 

ethylphosphonoacetate (557.6 mg, 2.48 mmol, 1 mEq) in 200 /A THF was prepared at -78 

°C. Sodium bis(trimethylsilyl)amide (1 mEq, 0.023 mmol, 23 //I of 1 M solution in THF) 

was added and stirred for 20 minutes. C om pound C was dissolved in 10 ml THF at -78 

°C and added to the reaction mixture by cannula. The reaction was stirred at -78 °C for 2 

hours and warmed to 0 °C for 10 minutes. The reaction was partitioned between 0.5M HC1 

(7.5 ml) and 50% EtOAc in hexanes (2 x 7.5 ml). The organic layers were combined, dried 

over Na2 S0 4  and concentrated. The compound was purified by flash column chromatogra-
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phy (50% ethyl acetate in hexanes) and concentrated to a white foam (600 mg, 1.11 mmol, 

45% total yield: 60% trans , J  =  17.64 Hz and 40% cis, J  =  11.57 Hz).

E thyl 3-[A cetyl-L-Leu-L-(O tBu-G lu)-L-A la-L-Leu-L-Phe-L-(Trt-G ln)]-(E /Z)- 

propenoate (C om pound E). C om pound D (100 mg, 0.19 mmol) was added to a solution 

of 4 M HC1 in 1,4-dioxane and agitated for 3 hours at 25 °C. The residue was concentrated 

and dissolved in DCM (5 ml). Acetyl-L-Leu-L-(OtBu-Glu)-L-Ala-L-Leu-L-Phe-COOH (130 

mg, 0.19 mmol), HOBt (41.3 mg, 0.27 mmol), NMM (90 jA NEET) and EDC (54 mg, 0.28 

mmol) were added sequentially and the mixture was stirred for 24 hours at 25 °C. The com

pound was concentrated, redissolved in dichloromethane (7.5 ml) and partitioned between 

H2 O (25 ml) and EtOAc (2 x 25ml). The organic layers were combined, dried over N a2 S0 4 , 

concentrated and purified on a 40 ml flash chromatography column using 5% methanol in 

DCM. The compound was a pale yellow solid (155 mg, 0.278 mmol, 50% yield).

Ethyl 3 -[Acetyl-L-Leu-L-G lu-L-Ala-L-Leu-L-Phe-L-G ln]-(E/Z)-propenoate 

(C om pound F). C om pound E (155 mg, 0.278 mmol) was added to a solution of TIS 

(140 /d) in TFA (1.85 ml) and stirred for 30 minutes. The compound was concentrated and 

washed with diethyl ether at -70 °C which provided a yellow crystalline solid (112 mg, 99%). 

The final product was produced in good yield with high purity and provided an expected 

mass of 816.77 Da (Figure 3.4). C om pounds A -F  were confirmed via electrospray mass 

spectrometry. Additionally, the Trt-Q-ethyl propenoate moiety and final product were 

dissolved in DMSO and their structures confirmed by ID and 2D XH NMR (Figures 3.6, 3.7 

and 3.9).

3 .2 .2  M a ss  S p e c tr o m e tr y

Electrospray mass-spectrometry was conducted on the reaction intermediates during the 

synthesis of the ethyl propenoate moiety and on the final acetyl-LEALFQ-ethyl propenoate 

peptidyl inhibitor to validate reaction products. ES-MS mass spectroscopy was done using 

a triple quad Micromass VG Q uattro quadrupole MS unit. Samples were solubilized in 75% 

acetonitrile : 25% H2 O and loaded directly. Positive mode using 20 eV was used for parent 

ion detection. ES-MS of the final acetyl-LEAFLQ-ethyl propenoate inhibitor is shown in 

Figure 3.4.

MALDI-TOF mass spectrometry was done on an Applied Biosystems Voyager System
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Figure 3.4: ES-M S Spectrum  o f th e  A cetyl-L E A L FQ -E thylpropenoate Inhibitor.
The calculated mass of the final product is 816.76 Da. The ES-MS spectrum comfirms the 
presence of the expected parent ion at 816.72 Da.

6064 to confirm covalent modification of the 1 3 C / 1 5 N-labelled HRV14-3C protease with the 

synthesized acetyl-LEALFQ-ethyl propenoate inhibitor. Samples were applied to MALDI 

plates using a sinapinic acid m atrix with C4-Ziptips. The acquisition mass range was 

set from 1,000 to 26,000 Da. A total of 29 and 78 shots were averaged for collection of 

the uninhibited and inhibited HRV14-3C protease spectra respectively (Figure 3.5). The 

accelerating voltage was set to 25,000 V, the grid voltage was 92% and the extraction delay 

time was 300 nsec.

3 .2 .3  N M R

Before continuing with the final peptide coupling, a sample of the tBoc-Q(Trt)-ethyl 

propenoate intermediate was dissolved in deuterated chloroform and analyzed by ID 1H 

NMR. The spectrum was collected on a Bruker AM-300 spectrometer with a spectral width 

of 2500 Hz (16,384 points). 200 transients were averaged and the sample was spun at 20 

Hz. To characterize the final acetyl-LEALFQ-ethyl propenoate inhibitor, a 5 mM sample 

was prepared in deuterated DMSO. All spectra were collected at 25 °C and referenced to 

DMSO at 2.49 ppm. One dimensional XH (Figure 3.6) and a 2D 1 H-TOCSY (Figure 3.7) 

spectra were collected at 500 MHz using a Varian INOVA spectrometer.

Thirty-two transients were averaged for collecting these experiments. For the ID spec

trum , 11,470 points were collected over a 4200 Hz sweep width (8.4 ppm). The number of 

transients averaged was 256. Structural data was obtained from a 2D 1 H-NOESY spectum
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Figure 3.5: M A L D I-T O F Spectra o f th e [U-13C / 15N ]-H R V14-3C  Sam ples. Spec
trum  A is the reference for the [U-13C /15N]-HRV14-3C protease. Spectrum B is the [U- 
13 C /  ' 5 N] - HR V 14- 3 C protease bound with the acetyl-LEALFQ-ethyl propionate inhibitor 
post dialysis. The mass difference between the [U-1 3 C / 1 5 N]-labelled samples (~811 amu) 
confirmed the covalent modification of the protease and supports the enzymatic assay results 
(Figure 3.10).

collected at 500 MHz. 1024 and 512 points were collected over 6000 Hz in both the F2 

and FI dimensions and averaged over 32 transients. For the 2D 1 H-TOCSY spectrum, the 

sweep width was set to 5000 Hz in both dimensions. The number of points collected in FI 

and F2 dimensions was 256 and 1024 respectively. A 1 3 C-HSQC spectrum (Figure 3.9) was 

also collected. For this experiment, sweep widths of 4000 and 27,000 Hz ( 8  and 216 ppm) 

were collected using 1024 and 256 points in the 1H and 13C dimensions respectively.

3.3 Results and Discussion

3 .3 .1  In h ib ito r  S y n th e s is

To synthesize the HRV14-3C inhibitor, the methods described by Dragaovich et al. [6 ] 

were adapted to generate the tBoc protected Gln(Trt)-ethyl propenoate group. Modifica-
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Figure 3.6: C hem ical Structure and ID  XH N M R  Spectrum  o f th e A cetyl- 
LEA LFQ -Ethyl P rop en oate Inhibitor in DM SO . The connectivity was resolved with 
the 2D XH -TOCSY spectrum (rm 60 ms) shown in Figure 3.7. Labels are shown above the 
peaks along with proton labels in parenthesis tha t correspond to the proton labels mapped 
onto the structure. The chemical shift assignments are listed in table D.2.

tions to this protocol were primarily dictated by reagent availability. The (acetyl-LEALF- 

COO- ) peptide was selected based on the natural peptide substrates used in the develop

ment of the commercially available HRV14-3C pNA assay [5]. It was prepared via Fmoc 

solid phase peptide chemistry on a 2 -chlorotrityl resin, which allowed cleavage of the pep

tide using weak acid while retaining the necessary tBoc and Trt protecting groups for the 

solution phase coupling to the Gln(Trt)-ethyl propenoate group.

The solution phase, peptide-coupling reaction was about 50% efficient. Following this 

reaction, the remaining protecting groups were removed with TFA to yield 102 mg (0.125 

mmol) of final pure product. Complications during the final solution coupling were encoun

tered. ES-MS spectra of the reaction mixture showed failure in tBoc deprotection of the 

Gln(Trt)-ethyl propenoate group, which was resolved by increasing the acid concentration 

from 2 M to 4 M HC1 [7]. The ID 1H NMR spectroscopy on the purified tBoc-[Q(Trt)]-ethyl 

propenoate intermediate was performed to assess the authenticity of the product before con-
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Figure 3.7: 1H -T O C SY  o f th e A cetyl-L E A L FQ -ethyl P ropenoate Inhibitor in 
D M SO . The full 1 H-TOCSY spectrum is shown in spectum A. The aliphatic region is 
expanded in spectrum B. The corresponding chemical shift assignments are listed in table 
D.2. Lines connecting the spin systems have to following color code: Spectrum A. Black - 
trans alkene; Light Purple - cis alkene; Purple - P i side-chain amide; Light blue - P i Gin; 
Green and Orange - P 2  Phe. Spectrum B. Light blue - P i Gin; Orange and Green - P 2 

D /L  Phe; Black - P 3  Leu; Purple - P 4  Ala; Red - P 5 Glu; Yellow - P 6  Leu.
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tinuing onto the final solution phase coupling to the peptide. From coupling constant data, 

it was evident tha t isomerization of the double bond had occurred (~60% trans and 40% 

cis based on 1H NMR peak integration). This was later confirmed with subsequent one and 

two dimensional 1II spectra collected on the final products (Figures 3.6 and 3.7). These 

different conformations influenced not only the 1 Ha shift of the P i Gin, but the 1Ha shift 

of the P 2 Phe. This observation was confirmed from the 2D 1 H-NOESY spectrum that 

indicated these chemical shift differences resulted from the proximity of the ester relative 

to the P i and P 2 residues. Table D .l lists the 13C chemical shifts obtained from the 13C 

-HSQC spectrum shown in Figure 3.9. The chemical shift differences tha t result from the 

two diastereoisomers are clearly visible in this spectrum. The spectrum shows two very 

different 1 Ha and 1 3 Ca peaks for the P i glutamine result from the proximity of the atoms 

relative to the electron withdrawing ester group. The i-1 phenylalanine is sufficiently close 

to also have its 1 HQ, peaks affected. The ID 1H spectrum (Figure 3.6) was used to quantify 

the cis/trans isomerization and measure vincinal coupling constants. Figure 3.8 depicts the 

relative orientation of the ethyl propionoate group in relation to the P i 1 Ha proton for both 

the cis and trans isomers. The proximity of the P i 1 Ha to the ethyl propionoate ester group 

accounts for the downfield chemical shift observed in the trans isomer.

Trans Cis 4.37ppmP23.33ppm

HN1HN

,17.61 e,
11.5 Hz

HN,EthylpropenoateHN.
Ethylpropenoate

HN " " " ! p 4

o / y  b

•aX.
Acetyl

HN'

P5

NH
HO'

P6

NH
Acetyl

Figure 3.8: C is/T rans D iastereoisom ers o f  th e  E thyl P rop en oate Group. Dif
ferences in vicinal coupling is observed between the trans and cis isomers of the ethyl 
propenoate group ( ~ 6  Hz). The cis isomer positions the electron withdrawing ester group 
closer to the P i and P 2 1 HQ protons and likely accounts for the 1.04 ppm chemical shift 
difference between the two isomers.
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Previously published protocols of this synthesis [6 ] did not report the production of stereo 

isomers (reaction C: Figure 3.3). However, the E /Z  diastereomer of the ethylpropenoate 

alkene (~60 trans and ~40 cis) was within expected ratios due to the use of a stabilized ylide

[8 ] and the substituted groups on the a-branched phosphonate [9], which was employed in 

the Horner-Wadsworth-Emmons reaction [10]. To work around concerns regarding the E /Z  

isomers a 6 -fold molar excess of inhibitor was incubated with the enzyme during covalent 

modification. This assured a 3.6-fold excess of inhibitor as only the E  isomer is suspected 

to be biologically active because the Z  stereoisomer might encounter steric hindrance in the 

S' substrate pockets. This ratio is similar to the ratio (3-fold) used to inhibit the HRV2-3C 

protease with AG7088 [1].

3 .3 .2  In h ib ito r  S o lu b ility  an d  E n zy m e  A c t iv ity  A ssa y s

The p-nitroaniline assay [5] described in section 2.2.2 was used to screen various co

solvent mixtures used to dissolve the acetyl-LEALFQ-ethyl propenoate inhibitor and to 

check for enzyme inhibition following the incubation with the 6 -fold molar excess of the 

E /Z-inhibitor. An inhibitor peptide length of six residues was required to assess possible 

interactions within the S5 and S6  substrate pockets. However, increasing the inhibitor length 

a further two residues and including a lipophilic amino acid in the P 6  position presented 

solubility issues. Solubility problems were also encountered in the study tha t led to the 

development of the commercially available p-nitroaniline peptide [5]. This work utilized a 

modified 2C/3A cleavage site analogue (EALFQ vs. ETLFQ) to improve solubility. Despite 

adopting this substitution in our inhibitor design, solubility problems persisted (predicted 

LogP of ~2.1). This problem was overcome by testing various co-solvent mixtures for the 

inhibitor and enzyme-inhibitor reactions. Previously, a 2% v /v  DM SO/H 2 O was used as a 

co-solvent for the incubation reaction used to inactivate the HRV2-3C protease with AG7088 

[1]. However, Wang and Jonhson [11], reported reduced enzyme activity for the HRV14-3C 

protease when using DMSO co-solvent mixtures, presumably from the oxidation of the active 

site cysteine residue (Cys146). Our studies confirmed their results with a 30% reduction of 

HRV14-3C protease activity in 2.8% v /v  DM SO/H 2 O co-solvent blank compared with water 

alone (Figure 3.10). Their work subsequently explored low concentration methanol-water 

and isopropyl alcohol-water co-solvent systems, which presented no significant reduction
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Figure 3.9: 13C -H SQ C  o f th e  A cetyl-L E A L FQ -ethyl propenoate Inhibitor in 
D M SO . The 1 3 Ca region is shown in spectrum A. The inserted spectrum C shows the 
downfield shifted alkene region. Spectra A and B shows different portions of the aliphatic 
region. The corresponding chemical shift assignments are listed in Table D .l. Lines connect 
geminal protons. Conformational differences between the cis and trans isomers presented 
xHa and 1 3 Ca chemical shift differences for the P i glutamine and xHa chemical shift dif
ferences for the P 2  phenylalanine (boxed). The labelling scheme corresponds to: substrate 
position-amino acid-atom.
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of protease activity. We also found tha t the protease activity was not altered in water 

with ethanol concentrations over 2 .6 % (well above the concentration of the final enzyme- 

inhibitor reaction) and marginally decreased (~10%) in 10% v /v  ethanol/water. These 

results are consistent with Wang and Johnson’s findings [11]. Consequently, ethanol/water 

was chosen for inhibitor-enzyme reactions with the inhibitor initially being disolved in 43% 

v /v  ethanol/water at a concentration of 2.5 mM. This allowed the addition of a 6 -fold molar 

excess of inhibitor for the colorimetric assays with an ethanol concentration tha t did not 

exceed 2%. The enzyme inhibition assay was done by addition of a 6 -fold molar excess of 

inhibitor after 1 minute of reaction equilibration. Complete inhibition was evident from 

the lack of increased absorbance (UV4 0 5 nm) following the addition of the inhibitor (final 

ethanol concentration 1.7%). Covalent modification of the HRV14-3C enzyme was further 

confirmed by repeating the assay on the [U-13C /15N]-HRV14-3C sample following dialysis of 

the enzyme against 20 mM KH 2 PO 4  buffer (0.5 mM EDTA, pH 6.5) whereby no detectable 

absorbance of UV4 0 5 nm was observed.

Final confirmation of enzyme modification was made with MALDI-TOF mass spectrom

etry on both the inhibited [U-13C /15N]-HRV14-3C NMR sample and a sample of the same 

apo, labelled protease. Comparison of the two samples confirmed covalent modification 

with the mass of the bound protein-inhibitor complex being 21839 Da and the mass of the 

free form being 21028 Da (Figure 3.5). The difference between these numbers (811 amu) 

is within 0.03% of the expected mass difference or mass of the inhibitor (817 amu) for 

the labelled protein sample. Given the fact tha t these numbers compare two ‘uniformly’ 

labelled protein samples and these respective numbers were obtained by averaging a series 

of scans, the relatively small difference between the expected and observed difference is not 

significant.

3.4 Conclusion

The main objective for this component of the project was to synthesize a biologically 

active inhibitor for the HRV14-3C protease. This objective was met with the confirmation 

of inhibitor activity and covalent attachment to the HRV14-3C protease (Figures 3.10 and 

3.5). Despite the problems with diastereomer formation during synthesis (Figures 3.7 and
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HRV14-3C p-nitroaniline Assays

Blank w ith 3xH R V 14-3C  
B lank with 3X HRV14-3C and 2.8% DM SO 
Blank with 1X H RV 14-3C  
Buffer w ith 1C 
B uffer with 2.<
HRV14-3C +  Inhibitor (1.7%  ethanol)

}...... | Inhibited HRV 14-3C in water (after dialysis)

H ethanol 
% ethanol

Reduction0.2

o

Time (minutes)

Figure 3.10: H R V 14-3C  p-N itroan iline C olorim etric A ssays. These assays were done 
at 25 °C in KH 2 PO 4  buffer/co-solvent mixtures at pH 7.0 in the absence and presence 
of inhibitor (62.5 //M EALFQ-p-nitroaniline) to confirm activity and inactivation of the 
HRV14-3C protease (lx: 3.45 pM for ethanol co-solvent analysis; 3x: 10.35 /iM for DMSO 
analysis). The • 3x HRV14-3C blank and ■  2.8% DMSO co-solent reactions show oxidation 
of the enzyme. Boxed: ♦ lx  HRV14-3C blank, A 10% ethanol co-solvent and ► 2.62% 
ethanol co-solvent show enzyme stability in buffer with >2.5% ethanol. The T 6 -fold molar 
excess of inhibitor added post 1 minute reaction (final ethanol concentration 1.7%) and +  
Blank with inhibited enzyme reactions confirm inactivation and covalent modification.

3.9 and Table D.2), complete inactivation of the protein was afforded by incubation with a 

6 -fold molar excess of inhibitor to enzyme. The excessive amount of inhibitor required for 

this reaction was prepared in a 2.5 mM stock solution in a 43% ethanol/w ater co-solvent. 

The resulting final ethanol concentration in the incubation reaction was 1.7%, which was 

well below levels shown to impair enzyme activity (Figure 3.10).

The assessment of post-scissile bond interactions was forgone in favor of the covalent 

modifying ethyl propenoate moiety, which proved to be successful for the study of the HRV2- 

3C protease [1]. This strategy allowed the addition of a peptide large enough to  interact with 

the S5 and Sg pockets and would afford interaction with Asn164. This asparagine residue is
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of particular interest because it is involved in a previously characterized deamidation event 

for the HRV14-3C protease [12].

Initial concerns about enzyme stability were put to rest as the concentrated inhib

ited HRV14-3C protease remained in solution following the collection of preliminary 3D 

heteronuclear NMR spectra (HNCA and HNCACB). Furthermore, no changes in the 1 5 N- 

HSQC spectra of the inhibited enzyme were apparent even 1 year after the sample was 

prepared. There was neither shifting of amide peaks nor emerging spurious signals in the 

random coil region of the spectrum. The only difference between the apo and inhibited 

HRV14-3C 1 5 N-HSQC spectra appeared for residues near the proteolytic site. Furthermore, 

an increased number of amide signals were present in the newly acquired 1 5 N-HSQC data 

for the inhibited enzyme tha t suggested stabilization of the proteolytic site might have 

taken place and tha t a detailed structural analysis of the proteolytic pharmacophore might 

be possible. These data are presented in the following chapters tha t discuss the complete 

chemical shift assignments and structure calculations for both the apo and inhibited forms 

of the HRV14-3C enzyme.
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Chapter 4

Chemical Shift Assignm ent and 
Solution Structure Calculation of 
the Inhibited HRV14-3C Protease

4.1 Introduction

As mentioned in the previous chapter, initial experimental work conducted on the inhib

ited HRV14-3C protease revealed some interesting results. The protein exhibited improved 

stability upon inhibition as hypothesized and the extent of this stability enhancement was 

surprising. In fact, the original sample initially prepared for the collection of NMR experi

ments to determine backbone chemical shifts remains in solution to date (4 years after the 

initial sample preparation) and no change in 1 5 N-HSQC spectra is evident indicating that 

this sample remains free from degradation. All the experiments listed in Table 4.1 were 

performed on the same inhibited [U-13C /15N]-HRV14-3C protease sample. The quality of 

NMR data for the inhibited form is substantially better compared with the data collected 

on the apo HRV14-3C samples. The higher quality of NMR spectra and excellent solution 

state stability of the inhibited HRV14-3C protease enabled the the structure to be completed 

and the pharmacophore of the enzyme to be analyzed in detail. This chapter outlines the 

experiments and methodology used to complete the inhibited HRV14-3C structure and ex

tensively analyzes the pharmacophore of the proteolytic site. Finally, the peptide-inhibitor 

substrate bound to HRV14-3C is compared to the peptide-mimic inhibitor, AG7088, bound 

to the homologous HRV2-3C enzyme and sub-genus differences are discussed.
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4.2. MATERIALS AND METHODS

4.2 M aterials and M ethods

4 .2 .1  S a m p le  P r e p a r a tio n

NMR samples were prepared using the methods outlined in Appendix B  with the recipes 

listed in Appendix A. [U-1 5 N]-labelled and [U-1 3 C / 1 5 N]-labelled samples were prepared by 

substituting 1 5 N-labelled NH4 CI and/or 1 3 C-labelled glucose for the unlabelled ingredients 

listed in the MM recipe listed in Appendix A. NMR samples were prepared by dialyzing the 

purified protease into 20 mM KH 2 PO 4  buffer (pH 6.5, 0.5 mM EDTA, 15 mM DTT). Acetyl- 

LEALFQ-ethyl propionate inhibited HRV14-3C samples were concentrated to ~0.75 mM. 

DSS (0.1 mM) was added for internal referencing. D 2 O (10%) was added to maintain the 

spectrum lock. Samples were filtered through 22 pm  epindorph filters and placed in either 

5 mm thin walled WILMAD© NMR tubes and sealed under argon or 3mm SHIGEMI© 

NMR tubes. Subsequent to collecting the majority of experiments (backbone, side-chain 

and NOESY), the sample was exchanged into 20 mM KH 2 PO 4  buffer prepared in 99.9% 

D2 O (pD 6.9, 0.5 mM EDTA, 15 mM DTT, 0.1 mM DSS, final D 2 O concentration: 99.6%) 

via successive volumetric dilutions and ultracentrifugation to obtain 1 H /2H data and collect 

an additional 13C -NOESY-HSQC spectrum. All the experiments collected on the inhibited 

HRV14-3C protease are listed in Table 4.1.

4 .2 .2  N M R  E x p e r im e n ts

All NMR experiments collected on the inhibited HRV14-3C enzyme were conducted on 

a Varian INOVA 500 MHz spectrometer equipped with either a room tem perature 5 mm 

triple-resonance z-axis PFG probe or a 5 mm triple-resonance z-axis PFG cold probe. All 

experiments were conducted using either Varian ProteinPack or BioPack pulse sequences 

(VNMR v3.1c) with the exception of the 2D 1 3 C / 1 5 N -Fl/F2-Filtered TOCSY pulse se

quence, which was supplied by Dr. Leo Spyracopoulos (University of Alberta). All spectra 

were collected at 25 °C, referenced indirectly to DSS [1], processed with NM RPIPE [2] and 

analyzed with NMRVIEW [3]. The experiments and spectral parameters used for chemical 

shift and restraint assignments for the inhibited HRV14-3C protease are shown in in Table 

4.1.
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4.2. MATERIALS AND METHODS

T a b le  4 .1 : N M R  E x p er im en ts  C o n d u cted  on  th e  In h ib ited  H R V 14-3C  P ro te a se

E x p e r im e n t t l

N u c le u s

t2 t3

N u m b e r  o f  P o in ts  

t l  t 2  t3

S p e c t r a l  W id t h  (H z )  

t l  t 2  t 3 T r a n s i e n ts

B ack b on e A ssig n m en ts

15n - h s q c * 1 5 n 3 h 25 6 1024 2 2 0 0 8 0 0 0 32
H N C O 1 3 C 1 3 n l H 6 4 32 1024 30 1 8 2 0 0 0 6 0 0 0 16
H N H A * XH 1 5 n l H 64 32 102 4 6 0 0 0 2 0 0 0 6 0 0 0 16
H N C A 1 3 C 15 N l H 6 4 32 1024 3 7 7 0 2 0 0 0 6 0 0 0 16
H N C A C B 1 3 C 15 N % 9 6 32 1026 10056 2 2 0 0 6 0 0 0 32
C B C A (C O ) N N H 13 c 15 N l H 48 32 1024 10056 2 2 0 0 6 0 0 0 32

Sid ech ain  A ssig n m en ts

C ( C O )N N H * 1 3 C 15 N l H 128 32 768 1 0054 2 2 0 0 6 0 0 0 16
H ( C  C O )N N H * XH 15 N l H 64 32 1024 6 0 0 0 2 0 0 0 6 0 0 0 32
H C C H -T O C S Y + XH 13 c m 64 32 1024 6 0 0 0 2 0 0 0 6 0 0 0 32
C C H - T O C S Y t 1 3 C 13 c % 64 32 1024 8 0 0 0 1 0 0 0 0 6 0 0 0 32
2 D  1 H - 1H  T O C S Y t:t XH l H 512 1024 6 0 0 0 6 0 0 0 16
1 3 C  H S Q C  (35  p p m § ) 1 3 C J H 256 1024 1 2568 6 0 0 0 48
1 3 C  H S Q C  (1 2 5  p p m * ) 1 3 c % 64 512 7542 6 0 0 0 16

R estra in t A ssig n m en ts

15N - N O E S Y -H S Q C  ( r m  75  m s 1 ) XH 1 5 n 3 H 64 32 1024 6 0 0 0 2 2 0 0 6 0 0 0 32
1 3 C -N O E S Y -H S Q C  ( 3 5 p p m § , r m  100 m s 1 ) t t 3 H 13 c m 64 64 1024 6 0 0 0 1 0 0 6 0 6 0 0 0 32
1 3 C -N O E S Y -H S Q C  ( 1 2 5 p p m § , r m  1 0 0 m s 1 )* 13 C l H 48 32 1024 6 0 0 0 100 0 6 0 0 0 32
D 2 O  e x c h a n g e  15 N  H S Q C s ^ 15 N 1H 128 1024 2 2 0 0 6 0 0 0 32

In h ib itor  S p ecific  A ssig n m en ts

2D  13C / 1 5 N - F i l t e r e d  T O C S Y t  ( T m  5 0  m s 1 ) 3 H l H 512 1024 6 0 0 0 6 0 0 0 128
2 D  1 3 C / 1 5 N - F i l t e r e d  N O E S Y +  ( r m  100 m s 1 ) * H % 128 2 048 6 0 0 0 6 0 0 0 128
1 3 C - F i l t . / E d i t  N O E S Y -H S Q C t*  (x m, 100 m s 1 ) ‘ H 13 c 64 32 1024 6 0 0 0 6 0 0 0 6 0 0 0 32

* C o l le c te d  in  d u p l i c a t e  w i t h  r o o m - te m p e r a t u r e  a n d  c o ld  p r o b e s
* C o n d u c te d  w i t h  t h e  c o ld  p r o b e  
^ C o n d u c te d  o n  t h e  9 9 .6 %  D 2 O  s a m p le  
§ C a r r i e r  f r e q u e n c y
^ M ix in g  t im e

4 .2 .3  N M R  C h em ica l S h ift an d  N O E  R e str a in t A ss ig n m en t

The sequential assignment process was aided with the availability of previously pub

lished backbone chemical shifts for the apo HRV14-3C protease [4], The backbone chem

ical shift assignment data for the inhibitor-bound form of HRV14-3C was obtained from 

HNCA [5], HNCACB [6 ], CBCA(CO)NNH [7], HNCO [8 ] and HNHA [9] experiments. 

Side chain assignments were completed from HC(CO)NNH [10], C(CO)NNH [10], HCCH- 

TOCSY [11, 12], and CCH-TOCSY [11] spectra. Aromatic assignments were obtained from 

an aromatic 1 3 C-HSQC spectrum [13] with a carrier frequency of 125 ppm and a 2D 

watergate-TOCSY [14] collected on the [U-13C /15N]-HRV14-3C sample in 99.6% D 2 O. Aro

matic proton assignments were confirmed with 1 H <3 to 1 NOE cross-peak identification 

using the 1 3 C-edited NOESY spectrum collected on the [U-1 3 C / 1 5 N]-labelled HRV14-3C 

sample in 99.6% D 2 O. Bound inhibitor chemical shift assignments were obtained from the
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2D 1 3 C / 1 5 N -Fl/F2-Filtered TOCSY.

4.3 Results

4 .3 .1  In h ib ite d  H R V 1 4 -3 C  C h em ica l S h ift A ss ig n m e n ts

NMR experiments tha t correlated the 3 HN peaks (identified from the 1 5 N-HSQC spec

trum  shown in Figure 4.1) to intra-residue (*) and inter-residue (i-1 ) backbone and side- 

chain chemical shift data were used to complete the chemical shift assignments. Nearly all 

the expected amide signals were obtained from the 1 5 N-HSQC spectrum indicating the sam

ple had improved stability and possibly altered dynamics compared with the apo form. The 

most notable difference from comparing the 1 5 N-HSQC spectra obtained from the inhib

ited enzyme and the apo enzyme (Figure 5.1) were the lack of spurious degradation signals 

(vjy ~122 ppm, v h n  ~8.25 ppm). The spectra shown in Figure 4.1B was obtained 1 year 

following the initial sample preparation. The principle NMR experiments tha t governed 

the assignment process were the HNCA and HNCACB, C(CO)NNH and H(C CO)NNH 

experiments. The HNCA and HNCACB experiments, which correlate both preceding (i-1) 

and intraresidue (i) 1 3 Ca and 1 3  C /3 chemical shifts were used to sequentially link adjacent 

residues. To provide the remaining spin system information and resolve assignment am

biguities, the C(CO)NNH and H(CCO)NNH experiments were used. Examples of these 

spectra for the inhibited HRV14-3C protease are shown in Figures 4.2 and 4.3. These strip 

plots shown are for a region of the protein tha t presented assignment difficulties for the apo 

enzyme. Although the data is weaker in intensity compared with other areas of the pro

tein (Figure 4.4), the data was attainable none the less. Information not readily resolvable 

from these experiments (ie. 1 3 C7  and 1 3 C^ for Leu1 2 3  and the 1 3 C^ for Pro117) were pieced 

together from CCH-TOCSY and HCCH-TOCSY experiments, which correlated side-chain 

1 3 C-13C and 1 H-1H shifts (Figure 4.5). Both aliphatic and aromatic 1 3 C-HSQC spectra 

were also collected and used to assign and confirm some 3H and 13C peak assignments (ie. 

proline 1 3  C^ and glycine 1 3  Ca ).

A 2D 1 H-TOCSY collected on the [U-13C /15N]-HRV14-3C sample in D 2 O was used to 

connect aromatic spin systems, whose XH and 13C chemical shifts were initially identified in 

the 1 3 C-edited HSQC experiment (carrier 125 ppm). This spectrum also resolved all side-
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Figure 4.1: Inhibited  H R V 14-3C  15N -H SQ C  spectra. Spectrum  A was collected 
using a Varian 500 MHz INOVA spectrometer fitted with a room tem perature HCN triple 
resonance probe. Spectrum  B was collected 1 year later on the same sample, using the 
same instrument fitted with a cold probe. The lack of degradation peaks observed in the 
random coil region of this spectrum ~122; v h n  ~8.25 ppm) following this time period 
confirmed the sample stability. This region is boxed. In addition, a number of extra peaks 
are visible due to the increased sensitivity afforded with the cold probe. Some of these peaks 
have been highlighted with red circles and some include important active site residues such 
as His160. These circled peaks were also visible in Spectrum A, however, not at the contour 
level shown.
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18 ppm HNCACB
-115 ppm

73 ppm-

-113 ppm

8.3

-126 ppm -133 ppm

3.2 9.0

~107 ppm -128 ppm

8.2 8.0

V118 T119 M120 A121 G122 L123

Figure 4.2: H N C A C B  S tr ip  P lo ts  from  th e  In h ib ite d  H R V 14-3C . A walk-through 
for a portion of the HNCACB spectra tha t presented weaker peaks. This spectra was 
collected using a 500 MHz Varian INOVA spectrometer fitted with a room temperature 
HCN probe. 1 3 Ca peaks are colored black and 1 3 Cig peaks are colored red. Broken lines join 
inter-residue i with i-1 1 3 Ca and 1 3 C(g peaks. Nuclei tha t present exchange broadening are 
boxed. The C(CO)NNH experiment (Figure 4.3) was used to piece together the preceding 
residue chemical shifts tha t were not observable in this experiment. The corresponding 15N 
chemical shifts for each strip are listed at the top of each strip plot.
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18

13c
ppm

73

Figure 4.3: C (C O )N N H  S tr ip  P lo ts  from  th e  In h ib ite d  H R V 14-3C . The C(CO)NNH 
experiment, which correlates the i-1 13C chemical shifts to the i 1 HN chemical shifts, was 
used to fill in the remaining spin system information and resolve ambiguities tha t resulted 
from poor signal-to-noise in regions of the HNCACB experiment (Figure 4.2). Labels for 
the preceding residue tha t the strip plots provide chemical shift information for are inserted 
at the top of each strip plot. The 1 3 C# peak for P ro 1 1 7  is not visible at this contour level. 
The spectrum was collected using a 500 MHz Varian INOVA spectrometer fitted with a 
room tem perature HCN probe.
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Figure 4.4: H N C A C B  Strip P lots for R egion Q K IR V K D K 5 2 -5 9  o f th e  Inhibited  
H RV14-3C Protease. A walkthough for a portion of the HNCACB spectra tha t presented 
improved signal-to-noise compare with the region shown in Figure 4.2. 1 3 Ca peaks are 
colored black and 1 3 Cp peaks are colored red. Broken lines connect i and i-1 peaks. The 
i-1 1 3 Cp chemical shifts not visible at this contour level are circled. These plots are from 
the same spectrum shown in Figure 4.2
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chain 1H and 13C shifts for histidine residues. Aromatic assignments were associated with 

side-chain data by identifying intraresidue 1 Hg to 1 H^ NOEs in the 1 3 C-edited NOESY- 

HSQC spectra. In total, 2038 of 2171 possible 1 3 C, 15N and 1H assignments were obtained 

for 181 of 182 residues in HRV14-3C protease (94% complete).

All possible side-chain proton assignments

L123
CCH-TOCSY HCCH-TOCSY

u

0.9 0.8 0.7

for the bound ethyl propenoate inhibitor 

were obtained from the 2D 1 3 C /15N F1/F2- 

filtered TOCSY experiment collected in 

D2 O. The complete set of 1 H, 13C and 15N 

chemical shift assignments for the inhibitor 

and inhibitor-bound form of the protein 

were deposited into the BioMagResBank 

under accession #  6823. Backbone amide 

assignments were unattainable for Gly1, 

Ser21, Asn80, Asn1 1 0  and Gly154, which oc

cupy the N-terminal, loop and turn  regions 

and present larger than average RMSD val

ues. The complete set of chemical shift as

signments are provided in Table D.4.

Figure 4.5: C C H -T O C S Y  a n d  H C C H - 
T O C S Y  S tr ip  P lo ts  for L e u 123. The 4 .3 .2
CCH-TOCSY strip, centered around 1 3 C/j for

In h ib ite d  H R V 1 4 -3 C  N M R  

S tr u c tu r e  C a lcu la tio n

1911 non-redundant, intra-protein NOE

Leu123, correlates the two geminal 1H^ pro
tons with intra-residue 1 3  C chemical shifts 
(red lines). The two 1 3 C<5 atom chemical shifts 
(~25 ppm) are resolved. The blue lines con- assignments (749 short range, 690 medium 
nects the overlapping lie3 7  spin system. The
HCCH-TOCSY strip, centered between the ranSe’ 4 7 2  lon§ ran®e) were derived from 
1 3 C<5 planes of Leu123, shows the intra-residue the 1 5 N-NOESY-HSQC and 1 3 C-NOESY- 
1 H-1H correlations connected with red lines.

HSQC [15] experiments. 1 1  intra-inhibitor

and 76 inhibitor-enzyme NOEs were ob

tained from the F I filtered, F3 edited-NOESY [16] and the 2D 1 3 C /15N Fl/F2-filtered 

NOESY [17] experiments. Structure calculations were improved with the addition of a 

number of cross /3-strand 1 Ha-1 HQ assignments. These assignments were obtained from
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a second 1 3 C-edited NOESY-HSQC spectrum collected on the sample dialyzed into D 2 O 

buffer (Figure 4.6).

13C NOESY-HSQC

■ H 1 0 4 -S 1 0 5

L I 23 N 132

5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2

‘H

Figure 4.6: A  portion  o f th e  13C -edited  N O E SY -H SQ C  Spectrum  for th e In
hib ited  H RV14-3C Enzym e. Water suppression NMR pulses and notch-filter solvent 
suppression would normally eliminate a large portion of the spectrum around 4.78 ppm. 
However, a number of cross /3-strand 1 Ha-1 Ha NOEs are visible in this region, including 
Glu1 1 4  - T hr100. The [U-1 3 C / 1 5 N]-labelled HRV14-3C sample in 99.6% D20  allowed this 
spectrum to be collected without water suppression.

The W ET water-suppression pulse was not used in the pulse sequence due to the obvious lack 

of a water signal, and notch-filter solvent suppression was not required in spectral processing. 

These modifications afforded a number of otherwise unavailable NOE assignments. The 76 

protein-inhibitor NOE restraints (obtained from the 1 3 C /15N Fl-filtered, F3-edited NOESY 

experiment) were further cross correlated in the aromatic and aliphatic 1 3 C-edited NOESY 

experiments. Relatively few NMR signals for the ethyl group of the ethyl propionate ester 

were identified in either the 1 3 C /15N Fl-filtered, F3-edited NOESY, 1 3 C-edited NOESY or
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1 3 C /15N -filtered NOESY experiments, which resulted in a relatively large RMSD for the 

ester group.

NOEs were calibrated using proton cross-peak intensities and binned into three cat

egories with upper bounds of 3.0, 4.0 and 5.5 A corresponding to strong, medium and 

weak intensities respectively. All lower bounds were set to 1 . 8  A. A total of 131 3 J h n h c c  

coupling constants were unambiguously determined from the HNHA spectrum and used 

to assign 131 phi ((f)) angles. In addition, 126 Psi (if>) angles were predicted using TALOS 

[18] and SHIFTOR (h t tp : / / r e d p o l l .p h a r m a c y .u a lb e r ta .c a /s h i f to r ). The Xi f°r His4 0  

was assigned based on Hg to Hat and Ha NOE intensities. The <p, rip and y  angle restraints 

were assigned with limits of ±  40°. Hydrogen bonds were identified following analysis of 

the 1 5 N-HSQC spectra collected on the [U-13C /15N]-HRV14-3C protease sample exchanged 

into 99.6% D2 O buffer. In all, 87 hydrogen bond donors were assigned to amides showing 

signals 150 minutes following 1 H /2H exchange at 25 °C (pD 6.9) and were given limits of 

1.5 - 2.5 A for Hjv to O distances and 2.5 - 3.5 A for N to O distances. Hydrogen bond 

acceptors were identified following the initial structure calculations using NOE data alone. 

Preliminary structures were calculated using the simulated annealing protocol implemented 

in XPLOR-NIH v2.10 [19, 20]. Inital structure calculations were performed in dihedral 

space using the PARALLHDG non-bonded parameter set. Center-weighted pseudo-atom 

corrections were used for ambiguous methylene and methyl proton NOE distances. The 

preliminary structures generated with these parameters were then used to assign the hy

drogen bonds and dihedral angles, which were subsequently used in all remaining structure 

calculations. A set of 50 structures with minimal violations were chosen from 100 structures 

initially calculated using the simulated annealing protocol (high temperature steps =  24,000 

at 1000 °K; cooling steps =  12,000 with a final temperature of 100 °K). Refinement of these 

structures was performed with CNS version 1.1 [19] using the RECOORD water refinement 

protocol [21]. The PARALLHDG and OPLSX non-bonded parameter sets were used for 

the simulated annealing and water refinement protocols respectively.

An average of 10.5 NOEs per residue were obtained for the structure calculations. 2.6 

long-range NOEs per residue and 3.8 medium-range NOE restraints per residue yielded 

structures with good structural statistics and precision (Table 4.2). Twenty low energy 

structures presenting good geometry, no improper or dihedral angle violations >5°, no
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bond-length violations >0.05 A and no NOE violations >0.3 A were selected and deposited 

in the PDB under accession code 2B0F. The structural statistics of the deposited structures 

are shown in Table 4.2. AQUA [22] and PROCHECK-NMR [23] were used to calculate and 

analyze NOE and dihedral angle restraint violations. Six of the 20 deposited structures 

had a total of 5 NOE restraint violations greater than 0 . 2  A. No restraints had violations 

exceeding 0.3 A.

Table 4.2: Structural Statistics for the Inhibited HRV14-3C Protease

Distance Restraints
All N O E distances 1998
In tra-residue (protein) 1911

Sequential (| i-j | =  1) 749
M edium  (1 < | i-j |<  4) 690
Long (| i-j |>  4) 472

Inter-residue (protein-inhib itor) 76
In tra-residue (inhibitor) 11
H ydrogen bonds 87

Violations
Struc tures w ith  violations >  0.3A 0
S truc tu res w ith  violations >  0.2A 6

Dihedral angle restraints
All 258

131
b 126
Xi 1

Ramachandran Plot
Residues in m ost favored region 78.90%
Residues in  additionally  allowed region 19.90%
Residues in generously allowed region 0.50%
Residues in disallowed region 0.60%

WHAT-CHECK scores*
Second generation  packing -1.25
XI /  X2 -1.74

RMSD to mean structure^
Backbone 0.82 ±  0.13
Heavy a tom 1.49 ±  0.20

Region 15-78
Backbone 0.72 ±  0.14
Heavy atom 1.41 ±  0.20

Region 99-103, 111-172
Backbone 0.56 ±  0.12
Heavy atom 1.17 ±  0.17

t C alcu lated  w ith  P R O C H E C K -N M R  [23] 
* C alcu lated  w ith  W H A T-C H EC K  [24]
§ C alcu lated  w ith  M OLM OL [25]

Geometric and structure quality analysis for the structures were carried out using VADAR 

[26]. and What-Check [24], Good geometry was present in the final structures as indicated 

by What-Check packing and rotamer Z scores following water refinement with RECOORD
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[21]. PROCHECK-NMR [23] analysis suggests the solution structure has an equivalent X- 

ray resolution of 2.4 A based on Ramachandran plot quality assessment and a resolution of

1 . 1  A based on x i  pooled and \2  trans angle standard deviation assessments. The deposited 

structures had nearly 80% of their residues in the phi/psi core region. Interestingly, Asp3 2  

occupies a disallowed region of the Ramachandran plot (<j>: 51 ±  5°, ip: -91 ±  5°). Other 

members of the picornaviridae family, Polio (Asp32), HRV2 (Asp32) and HAV (Asp36) also 

exhibit similar <p and ip angles (48 ±  6 ° and -120 ±  7° respectively).

The structure calculation of the inhibited HRV14-3C protease involved the incorporation 

of a previously uncharacterized inhibitor. This required the development of custom XPLOR 

topology and parameter files tha t described the inhibitor. Modifications to XPLOR’s peptide 

link files were also required in order to link the inhibitor residues and to covalently attach it 

to the HRV14-3C enzyme. These files define an unprecedented three-residue topology tha t 

was needed to link the inhibitor’s P i glutamine residue and ethyl propionate moiety to the 

protease’s Cys1 4 6  residue at the S7. These files are provided in Appendix C and have been 

included with the PDB deposition.

4.4 Discussion

4 .4 .1  T h e  In h ib ite d  H R V 1 4 -3 C  P r o te a se  S tru c tu re

Analysis of medium and long-range NOE patterns [27], 3Jhnhoi couplings [28, 29] and 

chemical shifts [30] confirmed a-helical secondary structure for residues P ro 2 - Lys12 (A) 

and Thr3 9  - Ala4 1  (B) and /3-strand secondary structure for residues lie1 5  - T hr2 0  (la), 

Glu2 4  - His31 (lb ), Val3 4  - lie3 7  (Ic), Asp4 6  - Leu4 8  (Id), Gin5 2  - Asp6 4  (Ie), Leu7 2  - Arg7 9  

(If), Ala9 9  - Val1 0 3  (I la ), Val1 1 5  - Leu1 2 6  ( lib ) , P ro 1 3 0  - Arg1 3 6  ( lie ) , Val1 4 9  - Ala1 5 2  ( lid ) , 

Lys1 55 - Gly1 6 3  ( lie ), and Arg1 6 6  - Gin1 7 2  (Ilf). These elements are folded into two six- 

stranded /3-barrel domains (Figure 4.7) tha t accommodate the active site residues, His40, 

Glu71 and Cys146, between them  in a shallow cleft. The RNA binding site, KFRDI82-86, 

is capped by a short 3io helix (Arg8 7  - Phe89) and resides in a random coil tha t tethers 

these domains. This coil is on an opposite side of the protein relative to the proteolytic 

site. These structural elements are conserved among all the picornaviridae 3C protease 

structures reported to date.
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Figure 4.7: R ibbon R epresentation  o f th e  Inhibited  H R V14-3C P rotease, cr-helices 
are colored yellow and labelled with capital letters. /3-strands are colored orange and labelled 
with lower case subscript. The N-terminus /3-barrel domain has the prefix I and the C- 
terminus /3-barrel has the prefix II. Representation B is rotated 90° about the x-axis with 
respect to representation A. The acetyl-LEALFQ-ethyl propionate inhibitor is rendered as 
a ball and stick. C. Structural ensemble of the HRV14-3C protease with the C-terminal 
/3-barrel domain superposed (residues 99 - 103 and 111 - 172: backbone RMSD ~0.56 A). 
D. Structural ensemble of the HRV14-3C protease with the N-terminal /3-barrel domain 
superposed (residues 15 - 78: backbone RMSD ~0.72 A). Aromatic side-chains are colored 
red and branch chain amino acid side-chains are colored blue in the structural ensembles.

The solution structure of inhibited-HRV14-3C has been solved with an overall backbone 

atom RMSD of 0.82 ±  0.13 A and 1.49 ±  0 . 2 0  A for all heavy atoms from residues Gly1 to 

Glu180. A larger RMSD over the termini and loop regions (residues Asp6 4  - lie6 8  and His1 0 4  

- Asn110) skewed the global RMSD to larger values compared to the /3-barrel domains alone.
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4 .4 .2  In d u ce d  F it  S u b str a te  R e c o g n it io n

13C-edited NOESY  

145 Hp

160 Hp

160 Ha

160 H82

The C-terminal /3-barrel (Ala99 - Leu173) 

is involved with the inhibitor binding and 

provided a slightly tighter RMSD (0.56 ±

0.12 A for backbone atoms and 1.17 ±  0.17 

A for all heavy atoms) compared with the 

/3-barrel formed between residues He15 to 

Asp78 (0.72 ±  0.14 A for backbone atoms 

and 1.41 ±  0.20 A for all heavy atoms).

In order for the 3C enzyme to recognize 

and bind the various natural substrates, 

it is suspected tha t localized conformation 

changes within the substrate binding inter

face must occur. To investigate whether 

changes occur in any other part of the pro

tease following inhibition, the protein’s sol

vent accessible surface area changes were 

compared with chemical shift perturba

tions upon inhibition. The surface area 

changes were calculated with the program 

STC [31] and the chemical shift changes 

were calculated with the program CSDIFF

(h ttp ://w w w .b io n m r.co m /csd iff). The Figure 4.8: 13C -N O E S Y -H S Q C  S p e c tra

perturbation analysis used all available ®°r  >s Ha 2 . NOE data  for the R 52

atom of His160 shows the long range NOE to
backbone chemical shift data available for ^he H^r atom of Gly147

the apo (BMRB ^  5659) and the inhibited

(BMRB #  6823) HRV14-3C proteases (Figure 4.9) as this data is sensitive to backbone 

torsion angles and could identify both local and global changes. These results show that 

backbone chemical shift changes do not occur in any region of the protease which is not 

involved with inhibitor binding. There are specific data, however, th a t suggest localized

10

147 Hn
6.6
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conformational changes occurs. First, a 2 ppm downfield shift is observed for the pro

ton of Gly1 4 7  upon inhibition, which indicates a reduction in hydrogen bond length [32] to 

His160,s carbonyl oxygen. Gly1 4 7  is sequentially linked to the active site cysteine (Cys146), 

however, makes no direct contact with the acetyl-LEALFQ-ethyl propionate inhibitor. Fur

thermore Gly147,s amide proton is oriented into the C-terminal /3-barrel domain and forms 

anti-parallel /3-strand hydrogen bonds with His160. This latter residue is im portant for P i 

substrate recognition and binding. The orientation of Gly147’s backbone amide in the in

hibited form was confirmed with NOE data for the proton of His1 6 0  (Figure 4.8). This 

was critical because overlapped peaks presented in the 1 5 N-NOESY-HSQC for Gly147’s and 

His160’s 4 Hn chemical shifts (10.64 ppm and 10.47 ppm respectively).

In addition to Gly147, chemical shift changes are observable for other backbone atoms not 

making direct contact with the inhibitor. Examples include Ser1 7 0  and Ala1 7 1  (Figure 

4.9). These residues are localized between the two /3-barrel domains and form /3-strand 

hydrogen bonds with lie1 3 5  and lie1 5 9  respectively. Interestingly, backbone amide chemical 

shift assignments could not be made for G in 1 7 2  in the apo enzyme, which forms /3-strand 

hydrogen bonds with Arg1 3 3  in the bound state. Presumably, this results from intermediate 

chemical exchange in the apo form. All of these residues are localized on the interior face of 

the C-terminal /3-barrel domain and are positioned like rungs on ladder (Figure 4.10). These 

data indicate tha t conformational changes, whether local or global domain repositioning, 

occur upon substrate binding. Although these findings reflect observations made for other 

picornaviral 3C enzymes [33], they are the first findings for any member of the rhinovirus 

family.

Additionally, larger than average RMSDs are observed for the II&, IIC and IIe /3-strands 

in the homologous apo Polio-3C protease (Figure 3.1). These /3-strands are involved in 

substrate interactions. In the apo form of the HRV14-3C protease (BMRB #  5659), these 

regions along with the residues involved in inter-domain contacts (Leu70, Leu72, Arg133, 

M et134, His160, Ala1 7 1  and Gin172) present exchange broadened amide signals. These find

ings further support the hypothesis tha t conformational flexibility and localized induced 

fitting of the enzyme may be required to recognize the various natural peptide substrates.
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Accessible Surface Area Changes
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Figure 4.9: C hem ical Shift and Solvent A ccessib le Surface A rea Changes U pon  
Inhibition  o f th e  HK V14-3C P rotease. A. Surface areas changes for the deposited 
structures (PDB code 2B0F) were calculated with STC [31]. B. The chemical shift changes 
at 500 MHz were calculated with CSDIFF (http://w w w .bionm r.com /csdiff) using the 
formula: l ^ i - ^ l + l ^ i - ^ 2 |+ |« /c a i - ^ a a l+ |^ i - ^ 2 |+k0/ - ^ l  A correlation with the sol-# atoms used
vent accessible surface area changes upon binding of the inhibitor exists. These chemical 
shift changes are localized to residues within the C-terminal /3-barrel domain in close prox
imity to the inhibitor.

4 .4 .3  A c t iv e  S ite  T riad  C om p a r iso n

There are two X-ray crystallographic structures of 3C proteases tha t exhibit good se

quence similarity to the HRV14-3C protease. One is the X-ray structure of the HRV2-3C 

protease bound to the AG7088 inhibitor (PDB code 1CQQ) reported by Matthews et al. [34] 

and the other is the apo Polio-3C protease (PDB code 1L1N) reported by Mosimann, et al. 

[35]. These proteins share 51% and 47% sequence identity, respectively, with the HRV14-3C 

enzyme. Comparison between the average inhibited HRV14-3C protease structure and these 

homologous enzymes yield backbone RMSDs of 1.32 A and 2.76 A respectively. Analysis
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G147

H160

P5

G147

H160

P3J

P5

Figure 4.10: H ydrogen B onds W ith in  th e C -term inal /3-barrel D om ain. A wall
eyed stereo view of the hydrogen bond network among stacked /3-strands in the C-terminal 
/3-barrel domain of the inhibited HRV14-3C protease. These residues are sandwiched be
tween the two /3-barrel domains and do not make direct contact with the surface-interacting 
inhibitor. The position of the acetyl-LEALFQ-ethyl propionate inhibitor relative to these 
residues is also depicted. Because the inhibitor it is far enough away from these residues 
(> 5 A), it cannot have any direct influence on their chemical shifts.

of the natural and peptide-mimic ethyl propionate inhibitors bound to the HRV14-3C and 

HRV2-3C proteases respectively, reveal tha t the two inhibitors bind in a similar fashion up 

to the P 3  position. In all these structures, the amides of the enzymatic residues preceding 

the catalytic site (Gly144, Gin14 5  and Cys1 4 6  in the HRV14-3C protease) produce a net pos

itive charge tha t creates the oxyanion hole (Figure 4.11). This ‘ZioZe’ presumably stabilizes 

the cleaved carbonyl following proteolysis. In the inhibited HRV14-3C protease, this hole 

is occupied by the Hi proton of the ethyl propionate moiety. This proton is bound to  the 

carbon forming a covalent bond with the S7  of Cys146. In the natural peptide substrate 

this position would correspond to the carbonyl of the P i  residue, which would be stabilized 

by the oxyanion hole upon peptide cleavage. Hydrogen bonding between the corresponding 

Cys1 4 7  and Gly1 4 5  amides within this oxyanion hole and the carbonyl oxygen of the ethyl 

propionate ester was observed in the X-ray crystallographic study of the inhibited HRV2-3C 

protease [34], In the HRV2-3C protease study, this oxygen resides equidistant (~2. 23 A) 

between the two amide hydrogens.
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Figure 4.11: E lectro M olecular Surfaces o f  th e H R V14-3C and H RV2-3C P ro
teases. (A): The acetyl-LEALFQ-ethyl propionate inhibitor is rendered as a ball and stick 
figure on the electrostatic molecular surface of the HRV14-3C protease. (B): The peptide- 
mimic inhibitor, AG7088, is rendered as a ball and stick figure on the electrostatic map 
of the HRV2-3C protease. In both figures, negative charges are colored red and positive 
charges are colored blue. The oxyanion hole th a t stabilizes the P i carbonyl and binds the 
post-scissile peptide is positively charged. The back of the deep S2 pocket accommodates 
a variety of amino acids and is negatively charged from the side-chain carboxylate group 
of the active site Glu71. The P 2  phenylalanine of the acetyl-LEALFQ-ethyl propionate in
hibitor tha t occupies this pocket makes van der Waals contacts with Leu1 2 6  and T h r 1 31 of 
the IIj, and IIC /3-strands respectively. Electrostatic differences of the S2  pocket between the 
different enzymes result from D42Q and K69N sub-genus substitutions.
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However, in our study, we found the ester of the inhibitor occupying two conformations 

tha t directed the corresponding oxygen (OXg) toward the amides of Cys1 4 6  and Gly1 4 4  with 

distances of 2.36 ±  0.35 A and 2.29 ±  0.18 A or distances of 3.26 ±  0 . 2 1  A and 1.99 ±  0.26 A 

respectively. These orientations result from the lack of NOE and hydrogen bond restraints 

for the ethyl propionate group. Although, the lack of data could result from intermediate 

conformation exchange, it should be noted tha t unlike Gly163, neither Cys1 4 6  nor Gly1 4 5  

presented amide signals in our deuterium exchange experiments despite all of these amides 

being solvent exposed and involved with substrate interactions.

There are subtle differences between the active site catalytic triad residues (cysteine, 

histidine and glutamic acid) of the solution HRV14-3C and the X-ray HRV2-3C proteases. 

Furthermore, the orientation of the catalytic triad residues in the inhibited enzymes resem

bles tha t of the residues in the apo Polio-3C protease.

Comparison of the active site residues among the different 3C proteases indicates tha t 

the orientation of the His4 0  and Glu71  side-chains in HRV14-3C protease are similar to the 

reported structures of the apo form described by Matthews et al. [36] and the deposited 

structures for the HRV2-3C [34] and the Polio-3C [35] proteases. In all cases the side- 

chain carboxylate group from the active site glutamic acid (Glu71) forms a salt bridge with 

the side-chain imidazole N^i atom from the active site histidine (His40), which allows the 

imidazole’s N t 2 to direct toward the S7  of Cys1 4 6  thereby forming the proteolytic acid/base 

catalyst. This orientation is shown in Figure 4.12.

However, a discrepancy regarding the protonation state of the His4 0  side-chain exists be

tween the X-ray and NMR structures. Analysis of the histidine side-chain C 5 2  and C€i 

chemical shifts in the HRV14-3C protease revealed values of 117.39 ±  1.5 ppm for the C 52  

shift and 138.39 ±  2.32 ppm C£i shift at pH 6.5. These data suggest a single protonation 

state [37], which disagrees with the double protonated state suggested for the His4 0  residue 

deposited with the HRV2-3C protease structure (PDB code 1CQQ). Furthermore, both 

structures were solved at pH 6.5, which is near the pK a where neutral tautomeric states of 

histidine’s side-chain exist.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4. DISCUSSION

Figure 4.12: C atalytic Triad and P i  to  P 3  Substrate Interactions. Wall-eyed stereo 
view of the ethyl propionate group and P i - P 3  substrate residues. A large cleft between 
the /3-barrels is occupied by the P 2 phenylalanine ring, which makes hydrophobic contacts 
with Leu1 2 6  and Val161  (colored yellow). The P 3  leucine is large enough to fill the substrate 
cleft and make van der Waals contacts with the 7  methyl group on T h r143. Also shown in 
the side-chain of Ser1 2 7  that acts as a hydrogen bond acceptor to the P 2  amide in ~50% of 
the calculated structures.

4 .4 .4  S u b str a te  B in d in g : B a ck b o n e  an d  S id ech a in  C o n ta c ts

The substrate used in this study involved six “n a tu r a l ly  occurring residues (LEALFQ) 

in contrast to the four “unnatural” peptide-mimic residues of AG7088. The added length 

of our inhibitor allowed for a detailed characterization of interactions between the enzyme 

and substrate P 3  to P 6  residues.

H ydrogen B ond Interactions

Our results indicate tha t the peptidyl inhibitor binds anti-parallel to the II and IIe 

/3-strands of HRV14-3C. The amide of the P i glutamine acts as a hydrogen donor to the 

carbonyl of Val1 6 1  and hydrogen bonds are formed between the backbone atoms of the P 3  

and Gly1 6 3  residues. Our study also indicates tha t the backbone atoms of the P 4  residue 

bridge the II& /3-strand and form hydrogen bonds with the backbone amide of Ser1 2 7  and the 

backbone carbonyl of Asn125. The side-chain of Asn1 6 4  orients to act as either a hydrogen 

bond donor or acceptor to the corresponding backbone atoms of the P 5 residue. Finally, 

the backbone carbonyl of the Pf; residue acts as a hydrogen bond acceptor for the backbone
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Figure 4.13: Schem atic R epresentation  o f th e  Pharm acophore Interactions. The
representation was created with LIGPLOT [38]. The network of hydrogen bonds between 
the peptide substrate (segment B) and the enzyme depicts an anti-parallel /4-strand forma
tion (represented as broken lines). Other key hydrogen bonds and van der Waals contacts 
with conserved HRV-3C residues are also shown. The covalent bond between Cys1 4 6  and 
the CX5  carbon of the inhibitor is not shown.

Asn1 25 amide. These interactions are shown in Figure 4.13. 1 H /2H exchange data confirmed 

the hydrogen bond donors of Gly1 6 3  and Ser127. No deuterium exchange data presented for 

the side-chain amide of Asn1 6 4  whose orientations are a reflection of structure calculation 

refinement.

Si to  S3  Substrate Pockets

In addition to these hydrogen bond interactions, the side-chain of the P i glutamine 

makes a number of van der Waals contacts by filling a shallow cleft between the the coil 

region formed between residues T h r 1 4 1  to Gly1 4 4  and the I I e/3-strand residues His1 6 0  to 

Gin164. The preferred P i glutamine positions its side-chain amide to form three key hy-
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drogen bonds: one from its carbonyl to the H e 2 of His1 6 0  and the other two from its amide 

to the backbone carbonyl and side-chain hydroxyl of T h r141. The <j> angle of the conserved 

threonine residue (HRV14-3C: T h r141; HRV2-3C T hr142) differs between the two enzymes 

(HRV14-3C: -114 ±  15°; HRV2-3C: -57°). This probably originates because the threonine 

in the HRV2-3C protease is orientated outward in order to form a hydrogen bond with 

the imine group of the 2-oxo-pyrrolidin-3-yl ring of AG7088. The aromatic ring of the P 2 

phenylalanine and the branched side-chain of P 3  (a leucine) make van der Waals contacts 

with Leu1 2 6  and Ser1 2 7  (Figure 4.12). The P 3  leucine is solvent exposed and covers the 

substrate binding pocket spanning the P i and P 2  residues.

S4 to  Sg Substrate Pockets

The methyl group of the alanine in the P 4  position is tucked inside the S4  binding pocket 

and makes contact with the 1 Ha protons of Gly1 6 3  and the aromatic protons of Phe169. The 

P 5 glutamic acid side-chain is oriented parallel to the IR  /3-strand backbone and makes 

van der Waals contacts with the side-chain of A sn12 5  and forms a hydrogen bond with the 

hydroxyl of Ser128. The side-chain of the Pg leucine is directed away from P 5 side-chain 

and fills the remainder of the binding pocket below Asn1 6 4  making numerous van der Waals 

contacts with the aromatic ring of Phe 1 6 9  and the side-chain of lie124.

4 .4 .5  S u b str a te  S p e c if ic ity  an d  P h a rm a co p h o re  A n a ly s is  

P i Substrate B inding

The specificity of the HRV14-3C protease for a glutamine residue in the P i position has 

been previously demonstrated, the three hydrogen bonds tha t were previously observed 

between AG7088 and the HRV2-3C protease are mimicked again in the peptidyl inhibitor 

bound to the HRV14-3C protease. Despite satisfying two of the three hydrogen bonds with 

a Q /E  substitution (1C/1D cleavage sequence in the HRV polyprotein), a dramatic cleavage 

rate reduction is observed [39, 40]. This change in affinity might be attributed to mutually 

repulsive forces between the carboxylate of the substituted glutamic acid and the backbone 

carbonyl of T hr1 4 1  due to their proximity upon binding.
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Figure 4.14: P i and P 2 Substrate Interactions. Wall-eyed stereo view of the numerous 
P i and P 2 hydrogen bond interactions, including the three bonds formed with conserved 
3C protease amino acids His1 6 0  and T hr141. Some protons have been removed for clarity.

P 2 Substrate B inding

The S2 pocket is a large, deep, negatively charged cleft between the two /3-barrel domains 

(Figure 4.11) tha t presents variable substrate recognition. Despite the negative electrostatic 

charge tha t results from the presence of the active site Glu71 in the back of the pocket, a 

number of synthetic inhibitors have incorporated aromatic and poly-aromatic rings at the 

P 2 position with favorable results [41, 42]. The P 2 phenylalanine used in our inhibitor 

bound in a similar fashion to the fluoro-substituted aromatic ring incorporated in AG7088, 

whereby its aromatic ring significantly reduces the protein’s solvent accessible surface area 

and makes numerous van der Waals contacts with the enzyme (His40, Asn69, Glu71, Leu126, 

Ser127, T hr129, T h r1 31 and Val161). These interactions are shown in Figure 4.12. The 

variable recognition between the rhinovirus serotypes possibly stems from the neutral to 

charged residue substitution observed in this pocket on the N-terminal /3-barrel domain. 

The neutral residues, Gin4 2  and Asn69, found in subgenus B rhinoviruses differ from the 

charged residues, Asp4 2  and Lys69, found in subgenus A rhinoviruses. These changes affect 

the electrostatic surface of the binding pocket (Figure 4.11) and may account for the in

creased substrate recognition tha t the HRV14-3C protease demonstrates when hydrophobic 

groups are incorporated in the P 2 position [42], The backbone amide of the P 2 residue acts 

as a hydrogen bond donor for the hydroxyl of the highly conserved Ser1 2 7  residue [43]. How

ever, only 55% of the calculated solution structures exhibited this hydrogen bond while the
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remaining structures had the hydroxyl group orientated into the solvent. This structural 

ambiguity was observed in previously published structure-activity work whereby omission 

of the P 2 backbone amide bond was adopted, which did not negatively impact substrate 

recognition [42], However, it should be noted tha t the side-chain orientations of Ser1 2 7  

observed in the NMR ensemble result from the structure calculations as hydroxyl protons 

exchange in solution and are unobservable in NMR, therefore, no restraint information was 

obtainable.

P 3  Substrate B inding

The HRV14-3C protease demonstrates a preference for a larger branch-chain amino acid 

(leucine) in the P 3  position, in contrast to the smaller branch-chain amino acid (valine) 

preferred for subgenus A rhinovirus serotypes [42]. This larger residue was incorporated 

in our study to analyze this difference. Sub-genus diversity appear to stem from van der 

Waals contacts afforded between the <5 methyl group of the P 3  leucine and the 7  methyl 

group of T h r1 4 3  (Figure 4.15). A threonine residue is found in the sub-genus B rhinovirus 

3C proteases, whereas this residue is substituted for the smaller serine in sub-genus A 

rhinovirus 3C proteases [43]. The leucine residue is also of sufficient size to span the entire 

S3  pocket and make contact with the P i glutamine and P 2 phenylalanine residues.

Figure 4.15: P 3  Substrate Interactions. Wall-eyed stereo view of the P 3  leucine within 
the S3  binding pocket. Hydrogen bonds are shown with dashed orange lines. Key NOEs, 
including the long range NOE between Gly1 4 7  Hjv and His1 6 0  H 5 |, are shown with dashed, 
dark blue lines. The P 3  1 H ,5 and HRV14-3C T hr1 4 3  1H7-methyl groups are within 5 A and 
make van der Waals contacts. The backbone hydrogen bonds between the P 3  leucine and 
Gly1 6 3  are clearly visible.
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P 4  to  P 6 Substrate B inding

Figure 4.16: P 4  to  Pg Substrate Interactions. Wall-eyed Stereo view of the S4  - S6 

substrate pocket. A number of hydrogen bonds between the inhibitor and enzyme are 
shown as dashed, black lines. The hydrophobic side-chains of Phe 1 6 9  and lie124, colored 
yellow, can be seen making van der Waals contacts with the methyl group of the P 4  alanine 
and side-chain of the P 6  leucine residue.

Substrate cleavage studies have demonstrated tha t inclusion of the P 5 residue results in 

a 4-fold increase in substrate recognition, while inclusion of the P 6  to Ps residues increases 

substrate cleavage a further 2-fold (relative K ca^/Km) [44]. Analysis of this phenomenon 

with our substrate was conducted with the program STC [31]. This analysis revealed that 

elimination of the P 6  leucine residue increased the enzyme’s non-polar solvent accessible 

surface area by 45 ±  15 A2  and predicted a reduction of the K/j by 24 ±  5-fold. These results 

support the experimental observations tha t shortened substrates have impaired recognition

[45]-

No residue specificity for the P 5 amino acid has yet been identified. As such, this 

residue is solvent exposed and makes contact with hydrophilic residues (Asn1 2 5  and Ser128). 

The hydrophobic leucine residue tha t occupies the Pg position of the inhibitor folds into 

the shallow Sg binding cleft under Asn1 6 4  and makes a number of van der Waals contacts 

with the side-chains of lie1 2 4  and Phe169. These hydrophobic contacts explain the serotype 

conservation of these 3C protease residues [43] and the preference for a hydrophobic residue 

in this position.
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The conserved Asn1 6 4  residue (Table 4.3) is well positioned to interact with the P 4  

to P 6  residues. Interestingly, this asparagine residue also undergoes deamidation, which 

dramatically reduces substrate recognition by 10-fold [46]. It is still not known if the 

deamidation mechanism is a host-cell mediated, autocatalytic or a non-enzymatic event. It 

is known tha t having a glycine following an asparagine residue can facilitate a spontaneous 

deamidation event of asparagine residues. However, to date this reaction has not been 

investigated nor has it been characterized in any other 3C protease. It is noteworthy tha t 

the majority of other 3C proteases have conserved Asn-Gly sequences, including HRV2-3C, 

Polio-3C and FMD-3C. Regardless of the exact mechanism, the impact this deamidation 

event has on substrate recognition and therefore, possible auto-regulatory mechanisms are 

evident. Therefore, to help identify the specific enzyme-substrate binding interactions in 

this region of the protease we included the P 5 and P 6  residues within the ethyl propionate 

peptidyl inhibitor.

HRV14-3C’s Asn1 6 4  residue is incorporated within a /3-turn between the IIe and I l f  

/3-strands. Sequentially, it is positioned at the T  position of a /3-turn for both the HRV and 

Polio 3C proteases and at the li+ T  position for the HAV and FMD 3C proteases (Table

4.3). Our study indicates its side-chain is im portant for forming hydrogen bonds with the P 5 

backbone atoms and contributing to the anti-parallel binding orientation observed between 

the substrate and the IR  and IIC /3-strands . Our structure calculations produced two 

orientations of the chi angles for Asn1 6 4  (yi: 172 ±  5° and X2 - -90 ±  2° or x i : 177 ±  5° 

and X2'- 33 ±  2°), which direct its side-chain amide or carbonyl toward either the backbone 

carbonyl or amide of the P 5 substrate residue respectively (Figure 4.17).

This was surprising as the side-chain was hypothesized to form anti-parallel type hydro

gen bonds with both the backbone amide and carbonyl groups of the P 5 residue, thereby 

perpetuating the anti-parallel /3-strand hydrogen bond network observed with upstream 

residues. However, this alternate orientation was confirmed from NOEs observed between 

the 1 Hg protons of Asn1 6 4  and the 1HQ and 1 H,g protons of the P 4  alanine. These orien

tations of the side-chain amide group, however, result solely from structure refinement as 

no NOE or hydrogen bond restraints could be assigned to the exchangeable amide protons. 

The former orientation described allows for an electrostatic interaction between the A sn 1 6 4  

side-chain amine and the P 5  backbone carbonyl. The angle formed between the amide’s
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Figure 4.17: Substrate Interactions w ith  H R V 14-3C ’s A sn 164 R esidue. Wall-eyed 
stereo view of the substrate P 5 backbone atoms with the side-chain of Asn164: x i : 172° and 
X2- -90° . The two possible hydrogen bonds formed from the two orientations are shown 
as broken black lines. Yellow broken lines define the hydrogen bonds seen in a typical 
anti-parallel /3-turn.

nitrogen and Hjv atoms and the interacting carbonyl oxygen is ~97°, which does not define 

an ideal hydrogen bond angle between anti-parallel /3-strands. Furthermore, this orientation 

positions Asn164,s side-chain and backbone carbonyl groups within 3 A of each other, which 

could result in electrostatic repulsion. The latter orientation, however, allows for the for

mation of two hydrogen bonds. First, the side-chain 4 HN of Asn1 6 4  forms a hydrogen bond 

with its own backbone carbonyl group, and second, its side-chain carbonyl accepts a hydro

gen bond from the backbone 4 HN of the P 5 residue. The hydrogen bond angle formed from 

this interaction is ~ 1 2 0 °, which is closer to the ideal “linear” orientation observed for atoms 

involved in anti-parallel /3-strand hydrogen bond interactions. Furthermore, this orientation 

would not suffer from electrostatic repulsion and would form an additional hydrogen bond.

Differences exist between the two known inhibited HRV-3C proteases with respect to 

their backbone torsion angles and inhibitor interactions in this region as well (Table 4.3). 

Hydrogen bonding is observed between the conserved Asn1 6 5  of HRV2-3C and the isoxazole 

ring of the peptide-mimic inhibitor AG7088, which occupies the P 4  position. However, to 

accommodate the inhibitors isoxazole ring tha t sits orthogonal to the /3-turn residues, the 

I l e / I I /  /3-strands are pushed upward and Asn1 6 5  adopts y i and X2  angles of 60° and 30°

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.4. DISCUSSION

respectively in order to allow this hydrogen bond to  form (Figure 4.18). This orientation is 

stabilized through hydrogen bonds formed from Asn165’s side-chain carbonyl and the i+2 

and i+3 backbone 1 HN atoms. In contrast, the HRV14-3C protease forms well-defined type 

IF /3-turn backbone torsion angles while interacting with the natural peptide substrate 

(Figure 4.17). Well-defined /3-turn angles are also observed for homologous 3C enzymes 

without inhibitors or with small inhibitors tha t do not interact with these residues (Table

4.3).

\\lsoxazole

Figure 4.18: Substrate Interactions w ith  H R V 2-3C ’s A sn 165 R esidue. Wall-eyed 
stereo view of Asn164,s side-chain interactions with AG7088’s isoxazole ring. Hydrogen 
bonds are shown as broken orange lines. The anti-parallel /3-strands are pushed up to 
accommodate the isoxazole ring. This orientation is stabilized with hydrogen bonds from 
the side-chain carbonyl of Asn1 6 5  to the i+2 and i+3 backbone amide atoms.
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Table 4.3: Backbone angles of the Picornaviridae 3 C pr'° IIe - II/ Loop/Turn Region

PD B Residues! i cj> i ip i +  I 4> i +  1 ip i +  2 tp i  +  2 tp i  +  3 <p i  +  3 tp T urn!

HRV14-3C§ 2B0F N 164-G ,R -Q 167 -132 ±  5 96 ±  10 69 ±  4 -107 ±  8 -101 ±  12 8 ±  12 -119 ±  10 125 ±  11 IT
HRV2-3C§ 1CQQ N 165-G ,R -Q 168 -130 27 89 -27 -102 -62 -106 161 -

PO LIO -3C 1L1N n 16S-g ,s -q 168 -114 ±  15 60 ±  27 69 ±  10 -35 ±  30 -122 ±  23 -28 ±  5 -118 ±  1 152 ±  11 -

HAV-3C 1HAV G 195-N ,S-I198 -148 ±  10 -90 ±  21 -75 ±  22 -73 ±  10 -150 ±  21 24 ±  6 -124 ±  1 134 ±  3 -

HAV-3C§ 1QA7 G 195-N ,S-I198 159 ±  28 149 ±  4 60 ±  3 42 ±  8 61 ±  11 16 ±  10 -120 ±  8 137 ±  8 IIP
HAV-3C§ 2A 40 G 195-N ,S-I198 168 152 51 42 60 30 -123 130 IIP
HAV-3C§ 2CVX G 195-N ,S-I198 145 155 53 37 59 30 -130 132 IIP
FM D-3C 2BHG g 185-n ,g -v 188 -179 ±  5 154 ±  6 47 ±  2 41 ±  5 92 ±  3 -4 ±  4 -132 ±  3 155 ±  9 P

S u p e r s c r ip t  a n n o ta t io n  in d ic a te s  i  t o  i + 3  se q u e n tia l  p o s itio n
*/3 -tu rn  <p a n d  tp ang les. Type T: i  +  1 60,30 i  +  2 90,0; Type IT: * +  1: 60, -120 i  +  2  -80,0; Type IlT: i  +  1 60,30 i  +  2  60,30 
S t r u c t u r e s  w ith  b o u n d  in h ib ito rs .
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P ost-Scissile B ond Interactions

Despite evidence tha t only residues down-stream from the scissile bond are necessary for 

substrate recognition and cleavage [44], inclusion of Gly and Pro residues in the - P 2  po

sitions has been shown to increase substrate recognition significantly [39, 40]. Furthermore, 

SAR studies of the HRV-3C proteases with inhibitors indicate tha t significant improvements 

in binding affinity is afforded by incorporating aromatic moieties that occupy the P^ and 

P 2  position [47]. These results parallel those obtained by Jewel and coworkers [48] who 

investigated the cleavage rates of natural peptide substrates for the HAV-3C protease and 

found tha t inclusion of a phenylalanine in the P 2 position increases substrate recognition 

by 3 to 4-fold. Although no structural data  for the S[ - S3 binding pockets of the HRV 

proteases exists, some hypotheses regarding post-scissile interactions can be made based 

on the data obtained from the solution structure of the inhibited HRV14-3C protease. In 

particular, the positively charged S] and S2  pocket is lined with hydrophilic residues (Lys22, 

Glu24, Ser105, Asn1 0 6  and Asn107). This pocket could accommodate the conserved P'x and 

P 2  residues (glycine and proline) provide favorable electrostatic and hydrogen bond interac

tions. The P 3  hydrophobic residue would then be positioned close enough to interact with 

the surface-exposed Phe 1 0 8  residue tha t resides in the loop/turn region between IIa and 

II j. This region exhibits conformational flexibility in the solution structure, presumably 

from the lack of post-scissile substrate interactions. Further evidence tha t supports this 

idea a are the exchange broadened NMR signals observed in this region. These data are 

iterated by the large B-factors observed in the substrate binding region for the homologous 

apo Polio-3C protease (Figure 3.1). Interestingly, in addition to the aromatic phenylalanine 

residue, the S3  pocket also contains the hydrogen bond forming side-chain from G in145. 

These residues are conserved in the sub-genus A rhinoviruses, however, they are spatially 

flipped (HRV2-3C: Gin1 0 8  and T yr146).

4.5 Conclusion

The multiple rhinovirus serotypes present sub-genus diversity regarding substrate recog

nition. This diversity has presented some barriers in developing a single broad spectrum 

therapeutic to treat rhinovirus infections. By analyzing the pharmacophore of the HRV14-
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3C enzyme and comparing it with another serotype (HRV2-3C), a better understanding of 

these sub-genus similarities and differences was achieved. The peptide-based inhibitor used 

in this study revealed tha t some inhibitor interactions are essentially conserved across all 

3C protease species and the added length of the inhibitor helped rationalize the extended 

substrate specificity noted with hydrolysis cleavage rate studies using natural 3C protease 

substrates [40, 39, 44],

The necessity to synthesize the acetyl-LEALFQ-ethyl propenoate inhibitor for the HRV14- 

3C protease proved pivotal in the success of this structural study. By inactivating the 

HRV14-3C enzyme, an increase of the protein’s stability at NMR concentrations was achieved, 

such that it remains in solution 4 years after the initial sample prepartion with no change 

in the 1 5 N-HSQC spectrum. Additionally, an improvement in spectral quality was achieved 

compared to the apo HRV14-3C enzyme, which allowed for a near complete chemical shift 

assignment of the protease. The structure and chemical shift data for the inhibited enzyme 

provided a necessary template to complete the 3D solution structure of the apo enzyme, 

a task tha t proved difficult initially due to cluttered spectra resulting from intermediate 

conformational exchange processes and sparse data for residues involved in substrate inter

actions. These observations will be expanded upon in the forthcoming chapter tha t describes 

the solution structure calculation and characterization of the apo HRV14-3C protease.
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Chapter 5

Chemical Shift Assignm ent and 
Structure Calculation of the Apo  
HRV14-3C Protease

5.1 Introduction

The chemical shift and structural data for the inhibited enzyme provided the necessary 

template to complete the chemical shift assignments and structure calculation for the apo 

enzyme. This chapter outlines these tasks by presenting both the NMR experiments and 

structure calculation strategy used. A geometric evaluation of the resulting structures is 

presented and compared with the structures of the inhibited enzyme. Furthermore, the 

observed stability differences between the apo and bound states incited the investigation 

of the enzyme’s slow time scale dynamics with 1H /2H exchange. These experiments and 

their results are discussed along with insights into the possible allosteric communication 

mechanism between the proteolytic and RNA binding interfaces tha t has been shown to 

exist for a homologous 3C protease.

5.2 M ethods and M aterials

5 .2 .1  N M R  S a m p le  P r e p a r a tio n

The HRV14-3C protease was expressed and purified using the methods outlined in Ap

pendix B  and discussed in detail in Chapter 2. [U-1 5 N]-labelled and [U-1 3 C / 1 5 N]-labelled 

samples were prepared by substituting 1 5 N-labelled NH4 CI and/or 1 3 C-labelled glucose for
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5.2. METHODS AND MATERIALS

the unlabelled counterparts in the MM recipe outlined in Appendix A. NMR samples were 

prepared by dialyzing the purified protease into 20 mM KH 2 PO 4  buffer (pH 6.5, 0.5 mM 

EDTA, 15 mM DTT) and concentrated to ~0.5 - 1 mM via ultrafiltration. Ten percent 

D2 O was added for maintaining the spectrum lock and 0.1 mM DSS was added for internal 

referencing [1]. Samples were filtered through 22 pm  epindorph filters and placed in either 

5 mm thin-walled WILMAD™ NMR tubes or 3mm SHIGEMI™ NMR tubes. Samples were 

recovered between the collection of backbone assignment NMR experiments by using the 

refolding protocol outlined in section 2.2.8. Production of the apo protease subsequent to 

the collection of the backbone assignment experiments (Table 5.1) employed a hypoxyap- 

atite column (Appendix B) and the addition of 0.1 mM NaN 3 . To determine D 2 O exchange 

rates, samples of the apo and inhibited enzyme were exchanged into 99.9% D 2 O containing 

20 mM KH2 PO 4 , 15 mM DTT, 0.5 mM EDTA at pH 6.5. This resulted with a final D 2 O 

concentration of 99.6% and a corrected pD of 6.9. The exchange was performed by 6  suc

cessive volumentric dilutions and subsequent concentration via ultracentrifugation and was 

done at 25 °C.

5 .2 .2  N M R  D a ta  C o lle c tio n

All experiments conducted on the apo HRV14-3C protease were done at 25 °C using 

Varian 500, 600 and 800 MHz INOVA spectrometers. The 500 MHz spectrometer was 

fitted with either a 5 mm HCN z-gradient PFG room temperature probe or a Z-gradient 

PFG Varian coldprobe. The 600 MHz spectrometer was fitted with a 5 mm HCN z-gradient 

PFG room temperature probe. The 800 MHz spectrometer was equipped with a 5mm HCN 

xyz-gradient PFG coldprobe. All experiments were conducted using Varian Protein Pack 

pulse sequences (VNMR v3.1c or VNMRJ).

The 2D 1 5 N-HSQC [2] experiment was collected on a [U-1 5 N]-labelled sample (Figure 

5.1). HNCA [3], HNCACB [4], CBCA(CO)NH [5], HNCO [6 ] and HNHA [7] spectra were 

collected on [U-1 3 C / 1 5 N]-labelled samples. Spectra were processed with NMRPIPE [8 ] and 

further analyzed with NMRVIEW [9]. Hydrogen exchange data for the apo HRV14-3C 

protease was acquired with a series of two-dimensional 1 5 N-HSQC spectra collected at 0, 

38, 99, 172, 486 and 6580 minutes following H 2 O to D2 O exchange of the 1 3 C / 1 5 N-labelled 

sample. For the inhibited HRV14-3C protease, hydrogen exchange data were acquired from
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a series of two-dimensional 1 5 N-HSQC spectra collected on the [U-1 3 C / 1 5 N]-labelled sample 

at 0, 156, 312, 1220, 2765 and 8702 minutes following H 2 O /D 2 O solvent exchange. The 

exchange experiments were conducted at 25 °C. To acquire T 2 measurements, one and two 

dimensional 15N CPMG-HSQC spectra of the amide signals were collected on the apo and 

inhibited [U-1 3 C / 1 5 N]-labelled samples using delays of 10, 30, 50, 70 and 90 ms.

T a b le  5 .1 : B ackone N M R  E x p er im en ts  for th e  A p o  H R V 14-3C  P ro tea se

E x p e r im e n t t l

N u c le u s

t2 t3

N u m b

t l

>er o f  P o in ts  

t 2  t3

S p e c t r a l  W i d t h  (H z )  

t l  t 2  t 3 T r a n s i e n t s

B ackbon e A ssig n m en t E x p er im en ts

H S Q C 1 5 N 3 h 512 92 8 2 0 0 0 6 0 0 0 4 0

H N C O 1 3 C 15 N 1H 64 32 89 6 3 0 1 8 2 0 0 0 6 0 0 0 24

H N H A * * * 15 N i H 6 4 20 1024 6 0 0 0 2 0 0 0 6 0 0 0 4 0

H N C A 13c 15 N 70 24 89 6 3 7 7 0 2 0 0 0 6 0 0 0 32

H N C A C B 13c 15 N i H 64 32 89 6 10054 1800 6 982 32

C B C A ( C O ) N N H t 13c 15 N 3 h 50 32 8 9 4 9 0 0 0 1700 6982 32

Sid ech ain  A ssig n m en ts

C ( C O ) N N H t 13 c 13 N 6 4 32 76 8 10054 2 0 0 0 6 0 0 0 32

H ( C  C O )N N H + ‘ H 1 5 n 58 32 1024 6 0 0 0 2 0 0 0 6 0 0 0 32

H C C H -T O C S Y 1 t t 1 3 C 128 32 1024 8 0 0 0 10056 8 0 0 0 16

1 3 C  H S Q C  (3 5  p p m 5 ) 13 c 3 h 2 5 6 1 024 12568 6 0 0 0 48

R estra in t A ssig n m en ts

15N - N O E S Y -H S Q C  ( r m  8 0  m s 1 ) 3 h 16n ■h 64 32 1024 6 0 0 0 2 0 0 0 6 0 0 0 32

1 3 C -N O E S Y -H S Q C  (3 5  p p m 5 ,T m  5 0  m s 1 )* 13 c 128 34 128 6 0 0 0 1 0056 6 0 0 0 16

1 3 C -N O E S Y -H S Q C  (35  p p m 5 , r m  100 m s ’ ) * 1! 13c xH 128 32 1534 6 0 0 0 1 0 0 0 0 1 1990 16

D 2 O  e x c h a n g e  H S Q C s ^ * 1 5  N 3 h 32 1024 2 1 2 8 8 0 1 2 32

^ C o n d u c te d  a t  5 0 0 M H z  w i t h  a  c o ld  p r o b e  

** S a m p le  c o n c e n t r a t i o n  ~ 0 .5  m M  

^ C o n d u c t e d  a t  N A N U C  a t  5 0 0 M H z  

§ C a r r i e r  f r e q u e n c y  

^  M ix in g  t im e

I! C o n d u c te d  a t  N A N U C  a t  8 0 0 M H z  

C o n d u c te d  o n  a  s a m p le  in  9 9 .6 %  D 2 O  

* * C o n d u c te d  a t  N A N U C  a t  6 0 0 M H z . T h e  f i r s t  s p e c t r u m  in  t h e  s e r ie s  h a d  16 t r a n s i e n t s ,  t h e  f o u r t h  s p e c t r u m  in  t h e  s e r ie s  

( c o l le c te d  4 4 8  a t  m in u te s  p o s t  e x c h a n g e )  h a d  2 5 6  in c r e m e n t s  in  t h e  f i r s t  i n d i r e c t ly  d e te c t e d  d im e n s io n

A protein sample in 90% H 2 O / 1 0 % D2 O was required for the T 2 measurements of the apo 

enzyme, while the residual amide envelope following D 2 O exchange was sufficient to collect 

data for the inhibited HRV14-3C protease (Table 4.1). The integration range for both sets 

of data was between 6.0 and 11.0 ppm. Relaxation delays of 2 seconds were used for all 15N 

T 2 measurements. The experimental parameters used to obtain chemical shift assignments 

and structural restraint data for the apo HRV14-3C protease is provided in Table 5.1.
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5 .2 .3  C o rre la tio n  T im e  C a lcu la tio n

The protein correlation time (rc) was calculated from the formula 5.1 [10]:

1

^ 2 ,  H N

which is derived from the equation:

=  1.11 • t c (5.1)

1 9 -v4/)2

sr ™ - - T < ( 6 - 2 )

where 7  is the detected nucleus’ gyromagnetic ratio, h is P lank’s constant -I- 2tt or ]~ 

(1.055-34 J . s) and r is the internuclear distance in Angstroms.

The T 2 tHN was calculated by fitting the integrated 15N CPMG-HSQC ID amide enve

lope signal intensity to the exponential curve defined by:

I  =  Io • e~kt (5.3)

VNMR v6.1c was used to integrate the ID amide signal and the ZUNZUN web server 

(h ttp :/ /z u n z u n .c o m /) was used to fit the data. Estimation of the correlation time was 

calculated using the Debye-Stokes-Einstein law:

where T was 298 °K, k# is Boltzmann’s constant (1.3806503 x 10~ 2 3  m 2 kg s - 2  K _1) and rj is 

the viscosity of water (0.89 cp at 25 °C). The rh  (the hydrodynamic radius) was determined 

to be 21.69 A using the formula [1 1 ]:

3 W M r
^J^ =  V 4 7 v ^ + r " , (5'5)

where rw  is the radius of a water molecule at 1 . 6  A, V  is the enzyme’s specific volume 

(estimated at 0.73cm3 /g), is Avogadro’s number and Mr is the mass of the isotopically 

labelled protein (21,838.66 g/m ol as determined by MALDI-TOF mass spectrometry).

I l l
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5.3. RESULTS

Calculation of the fractional monomeric form was done using the following equation:

Tc =  t c,m  • [ / m  +  2 • (1 -  / m ) ]  (5.6)

Where r c is the calculated corrlation time. tCim  is the predicted monomeric correlation time

derived from equation 5.4 and Jm  is the fraction of monomeric protein.

5 .2 .4  H y d r o g e n /D e u te r iu m  E x ch a n g e  R a te  A n a ly s is

All 1 H /2H 1 5 N-HSQC exchange spectra were processed with identical phasing and 

apodization functions. Peaks were auto-picked and volumes calculated with NMRVIEW

[9]. The peak volumes vs. exchange time were fit to the first order exponential decay 

equation:

V  — V0 ■ e~kt +  baseline (6-7)

using a non-linear least squares fit routine in the ORIGIN (v7.5) software package to obtain

K e x  rates. Protection factors {P f a c t o r )  for each residue were calculated by comparing the 

calculated exchange rate (Kex) with the predicted random coil exchange rates (Krc) where:

Pfactor =  K r c / P e x  (5-8)

The random coil rates were calculated using the methods described by Bai et al. [12] and 

corrected for temperature and pD differences [13] prior to P  factor calculation.

5.3 Results

5 .3 .1  A p o  H R V 1 4 -3 C  C h em ica l S h ift A ss ig n m e n ts

The experimental methodology used to assign the inhibited HRV14-3C protease (dis

cussed is Chapter 4: Section 4.3.1) was adopted for completing the backbone chemical shift 

assignments of the apo HRV14-3C protease. The inhibited enzyme’s chemical shifts and 

structure were used to guide the assignment process. Aromatic assignments were obtained 

from NOESY data during the apo enzyme’s structure calculation. The apo samples pre-
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pared for collecting data subsequent to the backbone assignment experiments were ~25% 

more concentrated compared with the inhibited HRV14-3C samples. This fact, in addition 

to using a coldprobe, greatly improved experimental sensitivty and overall spectral qual

ity. This is illustrated by comparing the spectra for the apo and inhibited enzymes. The 

additional side-chain chemical shift data obtained was added to the initial deposited back

bone chemical shifts (BMRB #  5659) along with a few corrections to the original backbone 

assignment data. These changes primarily involved regions of the protein tha t displayed 

broadened chemical shift peaks.

92% of all possible backbone shifts were obtained, which included 85% of 1 HQ, 83% of 

1 3 C', 90% of 1 , 8 8 % of 1 5 N, 98% of 1 3 Ca and 97% of chemical shifts. In all, 1817

of 2171 possible 1 3 C, 15N and 'H  assignments were obtained for 180 of 182 residues in apo 

HRV14-3C protease (84% complete). These chemical shifts are presented in Appendix D.

5 .3 .2  A p o  N M R  H R V 1 4 -3 C  S tr u c tu r e  C a lcu la tio n

Preliminary structures of the apo HRV14-3C enzyme were created with CYANA [14] and 

the inhibited HRV14-3C protease (PDB code 2B0F) was used as a starting structure. 15N 

and 1 3 C-edited NOESY peak lists were manually assigned using NMRVIEW [9] and used to 

generate starting NOE restraint lists. These lists were used during the structure calculation 

with CYANA and were subsequently refined by CANDID [15]. Twenty-one spurious NOE 

peaks were identified using the NOAH algorithm [16] during the calculations and removed. 

The refined peak lists were then fed back into NMRVIEW for manual confirmation. These 

''manicured peak lists provided 1515 non-redundant NOE assignments (533 short range, 

535 medium range, 447 long range) from the 1 5 N-NOESY-HSQC and 1 3 C-NOESY-HSQC 

spectra [17]. The final set of NOEs were calibrated using proton cross peak intensities and 

binned with upper bounds of 3.0, 4.2 and 5.5 A corresponding to strong, medium and weak 

intensities respectively. All lower bounds were set to 1 . 8  A. Additionally, 29 stereospecific 

assignments were made with HABAS during the CYANA simulated annealing structure 

calculations and incorporated into subsequent structure calculations. 3JhnH o  coupling 

constants, 129 in total, were unambiguously determined from the HNHA spectrum and 

used to assign 129 phi (r,6) angles. One-hundred psi (-0) angles, which clustered in favorable 

regions of the Ramachandran plot following the initial structure calculation, and matched
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Figure 5.1: 1 5 N -H S Q C  S p e c tru m  o f th e  A p o  H R V 14-3C  P ro te a se . A. A portion 
of the 1 5 N-HSQC spectrum for the HRV14-3C protease is shown. Labeled peaks correlate 
with assignments listed in Table D.3. B. An overlay of two 1 5 N-HSQC spectra collected on 
different apo HRV14-3C samples prepared by different methods (RED: no hypoxyapatite 
column, sample stability ~1 week. BLUE: hypoxyapatite column purification and the ad
dition of 0.1 mM NaN3 , sample stability > 6  months). The spurious peaks visible in the 
‘random coif region of the spectra (vjq ~122; v h n  ~8.25 ppm) were initially thought to 
arise from degradation as the sample precipitated. However, spectra collected on the sam
ple prepared with improved stability also displayed these additional peaks, which are now 
believed to arise from conformational exchange processes.
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HNCACB
18ppm

-126 ppm-115 ppm 132 ppm -107 ppm

'V118 0 8 T119"” M120'~ A121 " G122
8.09.3 8.68.8 9.3 8.1

8.7 B 15N-HSQC e
9

8.7

8.9
C 15N-HSQC

$

9.2
H

A121
\ 0

9.1

>H 9.3
A121

[ w g i  #

» 9.5

9.7 0

0
9.7

9.9

6

133 131 129

15n
134 133 132 131 130

15n
129

Figure 5.2: H N C A C B  Strip P lots from th e  A po H RV14-3C P rotease. A walkthough 
of a portion of the apo HRV14-3C HNCACB spectra. l3Cp peaks are colored red. Broken 
lines connect the i with i-1 chemical shifts for consecutive strip plots. Slowly exchanging 
residues presenting multiple amide peaks are boxed. The chemical shift information for 
Ala121  was not attainable from this experiment. Comparison of the 1 5 N-HSQC spectra for 
the inhibited HRV14-3C protease (Spectrum  B) with apo HRV14-3C protease (Spectrum  
C) shows extensive peak broadening due to chemical exchange in the apo enzyme. These 
spectra were collected at 500 MHz using a Varian INOVA spectrometer equipped with a 
room temperature HCN probe. Spectrum C is shown at a much lower contour level in order 
to view the broadened NMR peak of Ala121.
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Figure 5.3: C (C O )N N H  Strip P lo ts  from th e A po HRV14-3C P rotease. Strips 
corresponding to the amide planes for residues Val1 1 8  to Gly1 2 2  are shown. The preceding 
residue labels are inserted at the bottom  of each strip plot. Broken lines connect intraresidue 
13C peaks. This spectrum was collected at 500 MHz using a Varian INOVA spectrometer 
fitted with a coldprobe.
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TALOS [18] and SHIFTOR (h t tp : / / r e d p o l l .p h a r m a c y .u a lb e r ta .c a /s h i f to r ) predic

tions, were also assigned. Limits of ±40° were applied to the dihedral restraints. These 

limits were inflated to ±60° for residues Asn64, Glu92, Leu94, Val97, Ser105, T h r141, Gly1 4 4  

and Lys1 7 4  to account for weak signals in the HNHA spectrum and subsequent increased 

errors in the measured 3Jhnhci data. Like the structure calculations for the inhibited en

zyme, <j> and V' angle restraints were assigned following the initial structure calculations with 

NOE data alone. The x  angles for His4 0  and Glu71 were restrained to values tha t matched 

both the inhibited HRV14-3C protease (PDB code 2B0F) and the previously reported apo 

HRV14-3C protease structure [19] in order to maintain the orientation of the active-site 

triad residues. Hydrogen bonds were identified following analysis of the 1 5 N-HSQC spectra 

collected on the [U-13C /15N]-HRV14-3C protease sample exchanged into 99.6% D 2 O buffer.

A total of 64 hydrogen bond donors were

C NOESY-HSQC
0.5 f

168 Hy2

'H
2.5

168 HYi 
168 HP 
P130Hp 

®>4N132 HP 
N132HP

assigned to amides presenting signals after 

38 minutes following deuterium exchange at 

25 °C, pD 6.9 and assigned limits of 1.5 -

2.5 A for H,v to O distances and 2.5 - 3.5 

A for N to O distances. Center-weighted 

pseudo-atom corrections were used for am

biguous methylene and methyl proton NOE 

distances. 300 initial structures were cal

culated via the simulated annealing pro

tocol (high temperature steps =  24,000 at 

1000 °K; cooling steps =  12,000; final tem

perature =  100 °K) using CNS v.1.1 [20]. 

Fifty of the lowest energy structures with

^ were refined in explicit solvent using the
Figure 5.4: 13C -N O E SY -H SQ C  Spec- 6
trum  for l ie 68 4H 7 2 o f th e  A po  HRV14- RECOORD protocol [21]. The PARALL- 
3C Protease. NOE data for the 4H7 2 of

N125 Ha

0.86 0.81 

*H

lie6 8  shows cross domain NOEs to Asn1 2 5  4 H0 

Pro 1 3 0  1 H(g and Asn1 3 2  1 Hja atoms.

HDG and OPLSX non-bonded parameter 

sets were employed for the simulated an

nealing and water refinement protocols re

spectively. The top 20 structures, which had no NOE violations > 0 . 2  A and no dihedral
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angle violations >5°, have been deposited into the BMRB under accession code 2IN2.

An average of 8.5 NOEs per residue were used for the structure calculations. 2.5 long- 

range NOEs per residue and 3.5 medium-range NOE restraints per residue yielded structures 

with good structural statistics and precision (Table 5.2).

Table 5.2: Structural Statistics for the HRV14-3C Proteases*

Inhibited Apo
Distance Restraints

All N O E  distances 1998 1515
In tra-residue  (protein) 1911 1515

Sequential (| i-j | =  1) 749 533
M edium  (1 < | i-j |<  4) 690 535
Long (1 i-j l>  4) 472 447

Inter-residue (p rotein-inhib itor) 76
In tra-residue  (inhib itor) 11
H ydrogen bonds 87 64

Violations
S truc tu res w ith  violations >  0.3A 0 0
S truc tu res w ith  vio lations >  0.2A 6 0

Dihedral angle restraints
All 258 231
4> 131 129
f 126 100
Xl 1 3

Ramachandran Plot*
Residues in m ost favored region 78.90% 79.40%
Residues in add itionally  allowed region 19.90% 19.40%
Residues in generously allowed region 0.50% 0.60%
Residues in disallowed region 0.60% 0.60%

WHAT-CHECK scores*
Second generation  packing -1.25 -0.53
Xl /  X2 -1.74 -0.89

RMSD to mean structured
Backbone 0.82 ±  0.13 1.07 ±  0.17
Heavy atom 1.49 ±  0.20 1.56 ±  0.25

Region 15-78
Backbone 0.72 ±  0.14 0.87 ±  0.22
Heavy atom 1.41 ±  0.20 1.64 ±  0.31

Region 99-103, 111-172
Backbone 0.56 ±  0.12 1.00 ±  0.21
Heavy atom 1.17 ±  0.17 1.57 ±  0.25

* D ata  for b o th  form s of th e  HRV14-3C protease  are  presented for com parison 
t C alcu lated  w ith  P R O C H E C K -N M R  [22]
* C alcu lated  w ith  W H A T -C H E C K  [23]
§ C alcu lated  w ith  M O LM OL [24]

None of the deposited structures had violations greater than 0 . 2  A. The total number of 

NOEs used in the structure calculation was lower than tha t used for the inhibited HRV14- 

3C structure calculation. However, the resulting structures were statistically comparable. 

The majority of NOEs not used were sequential, which provide minimal contribrution to the
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overall structure calculation and global fold. It should be noted however, tha t the initial 

number of structures generated was increased 3-fold compared to the inhibited HRV-3C 

protease structure calculations in order to acquire an ensemble with minimal violations.

Compared with the inhibited enzyme, the apo form of the HRV14-3C protease presented 

larger RMSDs in areas of the protein tha t are involved with substrate binding (Figure 

5.6). The larger RMSDs reported in these regions result from a breakdown of J-coupled 

connectivity and a subsequent reduction in NOE data. Although, NOE data was identified 

tha t localized the 11^ - I I e /3-strands into a conformation similar to the inhibited HRV14- 

3C, the inhibited HRV2-3C and apo Polio-3C enzymes. The significance of this is tha t early 

structures for the homologous HAV-3C protease showed large amplitude correlated motions 

for these /3-strands. The cross domain NOE-data tha t helped localize these strands in the 

apo HRV14-3C enzyme are shown in Figure 5.4. These data suggest tha t large amplitude 

correlated motions do not occur between the two domains in the apo HRV14-3C protease.

Geometric and structure quality analysis for both structures was carried out using 

VADAR [25]. AQUA [26] and PROCHECK-NMR [22] were used to calculate and ana

lyze NOE and dihedral angle restraint violations. The final structure ensemble presented 

good statistical results following RECOORD water refinement [21] with What-Check pack

ing and rotamer Z scores [23] of -0.53 and -0.89 respectively. Equivalent X-ray resolutions 

based on Ramachandran plot quality assessment (2.3 A) and x i  pooled and X2 trans angle 

standard deviation assessments (1.0 A) were calculated with PROCECK-NMR [22], These 

results are comparable to the inhibited structure (2.4 A and 1 . 1  A) which confirms tha t the 

structures are of comparable quality.

5.4 Discussion

5 .4 .1  A p o  v s . In h ib ite d  H R V 1 4 -3 C  P r o te a se  C h em ica l S h ift A ss ig n m e n ts

There were an increased number of un-assignable amide backbone chemical shifts (9%) 

for the apo enzyme in comparison to the inhibited HRV14-3C (section 4.3.1). In addi

tion to these 1 HN peaks, a number of broad NMR peaks were visible. It is believed that 

this linewidth heterogeneity results from intermediate (ps) conformational exchange pro

cesses. Examples of these broad NMR signals for the HRV14-3C protease are shown in the
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1 5 N-HSCQ spectra in Figures 5.1 and 5.2. The C(CO)NNH spectrum (Figure 5.3) shows 

a markedly reduced peak intensity for the peaks correlating back to the 1 HN of Val118. 

These two spectra were collected on different samples (one purified using the hypoxyapatite 

column) and at different time periods after sample preparation. Furthermore, both sets 

of experiments display similar findings for the 1 HN of Ala121. These facts ruled out the 

possibility tha t these additional peaks resulted from degradation.

Broader amide NMR signals were assigned to residues residing in several different regions 

of the protein. One region involved the proteolytic interface, which also had a number of 

un-assignable amide signals (Asn105, Asn110, Leu123, Ser127, Ser128, T hr131, Arg1 3 3  - lie135, 

Lys142, and Gin145). On the opposite side of the protein are the RNA binding [27] and 

the 3CD hetero-dimerization [28] interfaces tha t involved the residues KFRDI8 2 - 8 6  and 

DLE9 3 - 9 5  respectively. The residues tha t presented un-assignable or very broad NMR 

signals are mapped onto a ribbon representation of the protein in Figure 5.5. There is a 

strong correlation between the structural proximity of these residues and their association 

with biological processes. The remaining residues presenting broad NMR peaks ( Val56, 

Lys61, Leu62, Asn67, T hr7 6  and Asn80) appear to localize linearly on a common face of the 

enzyme. However, these have not yet been associated with any biological function.

Interstingly, Val5 6  resides in a surface exposed /3-strand that was implicated in a homo- 

dimerization interface in the homologous apo Polio-3C protease’s X-ray structure [29]. How

ever, besides this residue, no other residue within this /3-strand (Figure 4.7: I e) for the apo 

HRV14-3C protease presented broadened NMR peaks.

5 .4 .2  A p o  v s . In h ib ite d  H R V 1 4 -3 C  P r o te a se  S o lu tio n  S tr u c tu r e

An increase of the global RMSD relative to the inhibited enzyme was observed for the 

apo enzyme, which resulted from the breakdown of J-coupled connectivity data  and the 

subsequent limited amount of NOE data. Despite the improved NMR sample stability of 

the apo enzyme afforded with the hydroxyapatite column purification and addition of 0 . 1  

mM NaN3 , the connectivity information remained sparse in the areas of the protein that 

are involved with proteolytic substrate interaction. These data are in contrast to the data 

for the inhibited enzyme, which presented well-resolved NMR spectra and allowed near 

complete chemical shift assignments. The apo enzyme RMSDs were calculated to be 1.07 ±
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D93/L94/E95 D93/L94/E95

Figure 5.5: Suspected  R esidues U ndergoing u s  Conform ational Exchange. Two
orientations of the apo HRV14-3C protease are presented to show the majority of residues 
undergoing chemical exchange. The top orientation shows the proteolytic site and substrate 
binding region. The majority of un-assignable amide signals are located within this region. 
The bottom  orientation is the opposite side of the protease, in which the RNA binding 
interface resides. Residues with unassigned signals are colored red and residues with broad 
NMR signals are colored blue. It is suspected tha t these residues undergo //s time scale 
conformational exchange.

0.17 A and 1.56 =t 0.25 A for backbone heavy and all heavy atoms respectively (region: Gly1 

to Glu180). These increased values relative to the inhibited enzyme (0.82 ±  0.13 and 1.49 

±  0.20) resulted primarily from the flexible, substrate binding C-terminal domain (Ala9 9  to 

Glu180) tha t alone yielded RMSDs of 1.00 ±  0 . 2 1  A and 1.57 ±  0.25 A for backbone and 

all heavy atoms respectively.

The N-terminal /3-barrel domain yielded RMSDs of 0.88 ±  0.23 A and 1.64 ±  0.31 A 

for all heavy atoms from residues lie1 5  to Arg79. A graphical representation of the atomic 

displacement data is presented in Figure 5.6. The calculated atomic displacements were 

normalized using methods described by Billeter et al. [30, 31]. The results shown here for

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.4. DISCUSSION

Apo and Bound Atomic Displacement Plots

4
  Apo HRV14-3C
-  -  Inhibited HRV14-3C

2
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NOE Restraints per Residue

40
  Apo HRV14-3C
— • Inhibited HRV14-3C“ 30

£ 20

■5 io

150
Residue

Figure 5.6: N orm alized  A tom ic D isp lacem ents and Per-residue N O E  R estraint 
C ount for th e  A po  and Inhibited  H R V14-3C Proteases. A. The mean atomic dis
placements (Dn) for the apo and inhibited HRV14-3C enzymes (2IN2.pdb and 2BOF.pdb 
respectively) are shown. The significant differences between the two enzyme states are local
ized in areas involved with inhibitor/substrate binding. B. The NOE restraints per residue 
indicate tha t the areas of the protein structure that exhibit larger atomic displacements 
correlate with fewer NOE restraints per residue.

the apo HRV14-3C protease are strikingly similar to the normalized B-factors shown for 

the apo Polio-3C protease (Figure 3.1). The larger normalized atomic displacements and 

B-factors observed for the atoms involved with substrate binding within the C-terminal 

domain for both apo 3C proteases (HRV14-3C and Polio) indicates tha t this domain is 

inherently flexible and suggests this flexibility is required to bind the various natural peptide 

substrates. Furthermore, the sparse NMR data  available for this region (discussed in section

5.4.1 and shown in Figure 5.6) suggests tha t //s time scale motions occur.

In contrast to the conformational flexibility observed within the C-terminal domain, 

which binds the peptide substrate (Figure 5.6), the RNA binding site remains superposable
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in either the active and the inhibited states. This finding is indicated by their superposable 

backbone atomic positions (Table 5.3), which are 0.28 A.

Table 5.3: Superposition  o f P icornaviridae 3C pro R N A  B inding R egion

Protease PDB code Superposed RNA region Pairwise fit (A)t

HRV14-3C§t 2IN2 HD3 1 " 3 2  KFRDI8 2 - 8 6  I1 5 6 0.28
HRV2-3C* 1CQQ YD3 1 - 3 2  KFRDI8 2 - 8 6  I1 5 7 0.51
POLIO-3C 1L1N HD3 1 - 3 2  KFRDI8 2 - 8 6  I1 5 7 0.63 ±  0.13

HAV-3C 1HAV KD3 5 - 3 6  KFRDI9 5 - 9 9  I1 8 7 0.57 ±  0.06
HAV-3C* 1QA7 KD 3 5 - 3 6  KFRDI9 5 - 9 9  I 1 8 7 0.61 ±  0.03
HAV-3C* 2A04 KD 3 5 - 3 6  KFRDI9 5 - 9 9  I 1 8 7 0.51
HAV-3C+ 2CXV KD 3 5 - 3 6  KFRDI9 5 - 9 9  I 1 8 7 0.29
FMD-3C 2BHG FG 3 7 - 3 8  KVRDI9 5 - 9 9  I 1 7 7 0.44 ±  0.40

^Backbone heavy atom pairwise fits to 2B0F.pdb. Calculationed with MOLMOL [24] 
-Comparison between mean NMR structures 
* Structures with bound inhibitors

This region also presents some well-structured backbone hydrogen bonds tha t are formed 

between the RNA motif, KFRDI82-86, residue Asn1 4  and the loop region His3 1  - Val3 4  in 

the inhibited state (Figure 5.7). Asn1 4  is a conserved residue for all picornaviridae 3C 

proteases and is located at a junction between the N-terminus a-helix, A  (Figure 4.7), and 

the first /3-strand, I a (Figure 4.7). This residue appears to be im portant for stabilizing 

the RNA binding motif KFRDI8 2 - 8 6  through its interaction with the backbone carbonyl of 

Arg84. This interaction is seen for all the 3C picornaviridae proteases (HRV2-3C: Asn1 4  and 

Arg84; Polio-3C: Asn1 4  and Arg84; HAV-3C: Asn1 4  and Arg97; FMD-3C: Asn1 5  and Arg97). 

A second hydrogen bond is also observed between the side-chain amide of Asn1 4  and the 

backbone carbonyl of Gly2 9  for the HRV and Polio 3C proteases. Gly2 9  precedes the turn  

region His3 1  - Val34, which has also been implicated in RNA recognition [32], and contains 

the conserved Asp3 2  residue tha t exhibits ‘disallowed’ backbone torsion angles.

Compared to the apo enzyme, the inhibited protein has a slightly increased RMSD in 

the region following the RNA binding motif (KFRDI), which has recently been implicated 

in heterodimerization with the 3D gene product, RNA polymerase [33]. Intermediate con

formational exchange is also observed within this region. This is evident from the HNHA
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Figure 5.7: A sn 14 Side-chain H ydrogen B onding in th e Inhibited  H R V14-3C  P ro
tease. The deuterium exchange 1 5 N-HSQC spectrum collected ~2 hours after 1H /2H ex
change of the inhibited HRV14-3C protease shows the inter-domain stabilization hydrogen 
bonds provided by the side-chain amide of Asn14. The backbone carbonyl atoms from Phe8 3  

and Gly2 9  act as hydrogen bond acceptors.

spectra shown in Figure 5.8. However, improved resolution in the 1 3 C-NOESY-HSQC spec

trum  was achieved for the apo enzyme compared to the inhibited enzyme because of the 

increased field strength (800 MHz) used to collected this experiment. This additionally im

proved both the restraint calibration and the structural calculation for this region. Slight 

differences for the backbone torsion angles in this region resulted and are believed to be 

more accurate in the apo enzyme (2IN2.pdb) relative to the bound state (2B0F.pdb).
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Figure 5.8: H N H A  Strip P lots for th e A po and Inhibited  H R V14-3C Protease.
Strip plots for residues in the HRV14-3C protease implicated in binding the 3D gene product. 
Intermediate exchange exists for residue Glu9 5  in both states, however, persits for Asp9 8  in 
the bound state only. The peak broadening is boxed.

5 .4 .3  D e u te r iu m  E x ch a n g e  an d  H R V 1 4 -3 C  D y n a m ic s

The deuterium exchange data for the inhibited HRV14-3C protease shows tha t hydrogen 

exchange rates are similar and uniformly distributed between the two /3-barrel domains and 

the RNA binding site (Figure 5.9).
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Apo and Inhibited HRV14-3C Protection Factors
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Figure 5.9: A po vs. B ound P  f a c t o r  D ata. Slow exchange 1 H /2H differences between the 
two states of the HRV14-3C protease are evident. The apo form exhibits a substantial global 
increase in flexibility. The C-terminal /5-barrel domain, which interacts with proteolytic 
substrates, has no measurable P f  a c to r *  except for residues implicated with RNA binding 
[27]. The cut-off lines in each graph represent the maximum measurable protection factors 
tha t could be calculated during the 4 to 5 day experiment.

Fifty-five of the 87 residues involved in hydrogen bonds still had signals at the end of the 

deuterium exchange experiment, one week following 1 H /2H exchange (Figure 5.10). These 

results show the overall structural uniformity and relative rigidity of the inhibited enzyme. 

Not surprisingly, amides tha t showed the largest protection factors are located within the 

interior of the protein and are involved in f3 -strand hydrogen bond interactions. Most of 

these slow-exchanging amides provided signals for months following the exchange process
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and were of sufficient intensity to calculate T 2 values from the 15N CPMG-HSQC spectra.

Areas tha t demonstrate fast deuterium ex

change rates are the loop/turn regions Lys61  

- Asn6 9  and Ser1 2 8  - T h r131, which inter

face the two domains; Arg7 9  - Glu8 1  and 

Glu9 2  - Asp98, which flank the RNA bind

ing site and His1 0 4  - Asn110, which have 

been implicated in post-scissile bond sub

strate interactions. These regions corre

spond with areas providing higher than av

erage normalized-atomic-displacement val

ues (Figure 5.6).

Visual inspection of the D 2 O exchange 

1 5 N-HSQC spectra obtained for the apo 

(Figure 5.11) and the inhibited (Figure 

5.10) forms of the HRV14-3C protease re

veal some striking differences. About half 

the number of residues tha t presented amide 

signals in the inhibited form were visible fol-

Figure 5.10: D euterium  E xchange 1 5 N - lowing 1 H /2H exchange of the apo enzyme. 
HSQC Spectra o f th e  Inhibited  HRV14-
3C Protease. Two 1 5 N-HSQC spectra are Comparison of the K ex and Pfactor data for
shown, which were used to calculate deu- the two states of HRV14-3C is provided in 
terium exchange rates and P factor s for the in
hibited HRV14-3C protease. Fifty-five of the Table 5A  The comprehensive calculations
original 87 amide signals remained at the con- Qf this data are provided in Appendix E. 
elusion of the experiment.

The P factor data for the two enzyme states 

are graphically represented in Figure 5.9. This figure illustrates the exchange dynamic dif

ferences between the two enzyme states. Except for the residues Cys151, Ala1 5 2  and Lys155, 

which are buried and are near residues implicated in RNA binding (TG K 154-156) in the 

homologous Polio-3C protease [27], the C-terminal /3-barrel domain is devoid of any slow 

exchanging amides. Additionally, the measurable P f actors f°r the apo enzyme are reduced 

by 1 0  to 1 0 0 -fold compared to the inhibited enzyme.
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These data indicate tha t the C-terminal f3- 

barrel domain undergoes faster amide ex

change in the apo enzyme compared to its 

inhibited counterpart. Furthermore, it is 

possible tha t this domain may also exhibit 

increased flexible compared with its inhib

ited counterpart, which may be required to 

accommodate induced fitting of the various 

substrates.

Another area tha t demonstrated dy

namic differences was the RNA binding re

gion (His3 1  and KFRDI82-86). These calcu

lated K ex data  are displayed in Figure 5.12.

The residues involved in this motif, namely 

Arg8 2  and He86, present no change in peak 

volume throughout the 1 H /2H exchange ex

periment for the inhibited form of the pro

tease. This differs for the apo enzyme, in 

which conformational flexibility affords hy

drogen exchange.
„ .  . . . , . . - ,n , . Figure 5.11: D e u te r iu m  E x ch an g e  1 5 N -lh e  backbone chemical shut analysis ~ , . TTT̂ .

J H S Q C  S p e c tra  o f th e  A p o  H R V 14-3C .
between the apo and and bound HRV14-3C Two 1 5 N-HSQC spectra used in the calcula-

, tion of K er and PfWor data shown in Tableenzymes (Figure 4.9) suggested no changes „ , . mlJ r . .5.4 are shown. Ih e  number or residues pre
in backbone torsion angles for the RNA senting amide signals are compared to the

binding site upon inhibitor binding. These kound enzyme.

results were confirmed following the structure calculation of the apo enzyme tha t provided 

superposable backbone atoms (Table 5.3). This is interesting because bi-directional al- 

losteric communication between the proteolytic and RNA binding sites was reported for 

the homologous HAV-3C protease by Peters et al. [34]. This group proposed two possible 

mechanisms for the communication. If their findings are reiterated with the rhinovirus 3C 

enzymes, the results reported here suggest tha t this communication may not facilitated
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through a structural change of the RNA binding site. The P factor calculations suggest a 

dynamic change, either solely or in conjunction with dimerization (homo or hetero), might 

be the medium for allosteric communication.

Although further structural work with the interacting RNA fragment will be needed to 

confirm this, the necessary chemical shift and structural data reported here compliment the 

corresponding RNA solution structure data (PDB codes 1RFR and 1TXS) and allows these 

studies to commence.

Table 5.4: Apo and Inhibited HRV14-3C H e x  and P f a c t o r  Data+

R esidue Kex

Inhib ited

s 1

Apo Inh ib ited

P  f a c t o r

apo

F 6 9 .1 5 -3 nd 1.44 x 104 nd
S9 5.27-3 nd 8.86 x  104 nd

L 11 2.75-2 nd 1.91 x  103 nd
I15 4 .0 0 -4 1 .3 1 "3 3.14 x  105 9.62 x  103

M 16 <1.90-® 4 .9 0 -4 > 1.00 x  10® 3.31 x  10s
I18 < 1 .9 0 ~ 6 I . 6 O- 4 > 1.00 x  10® 2.92 x  10s
rpl9 2 .2 0 -4 I . I 8 - 3 7.36 x  105 1.37 x  10s
T 20 nd 7.50“ 4 nd 2.84 x  10s
p25 < 1 .90“ ® 1 .9 4 -3 > 1.00 x  10® 6.80 x 104
rp26 4 .2 0 -4 nd 7.52 x  10s nd
G 27 < 1 .9 0 -6 nd > 1.00 x 10® nd
L28 < 1 .9 0 -6 3.40“ 4 > 1.00 x  10® 3.71 x 10®
q 29 <1.90-® 1.96- 3 >1.00 x  10® 1.89 x  10®
j30 < 1 .90“ ® < 2 .50“ ® >1.00 x  10® >1.00 x  10®
H 31 < 1 .90_ ® 1 .2 4 -3 > 1.00 x  10® 1.22 x  10®
v 34 < 1 .90-6 nd > 1.00 x  10® nd
C35 < 1 .90-6 1.10“ 4 > 1.00 x  10® 8.87 x  106
V 36 < 1 .90“ 6 nd > 1.00 x  10® nd
I37 < 1 .90“ 6 nd > 1.00 x  10® nd
^39 < 1 .90“ 6 nd > 1.00 x  10® nd
A 41 8.3CT4 nd 5.37 x  105 nd
Q 42 6.99-3 nd 5.31 x  104 nd
y47 4 .1 5 -3 1 .9 4 -3 1.03 x  104 2.20 x  104
L48 I . 6 O- 4 9 .8 0 -4 3.85 x  105 6.29 x  104
V 49 < 1 .90“ 6 7.20“ 3 > 1.00 x  10® 5.51 x  103
Q®2 1.36-3 1 .2 9 -3 4.03 x  105 4.26 x  10®
I54 <1.90-® <2.50-® > 1.00 x  10® >1.00 x  10®

V 56 nd 1.38“ 3 nd 7.75 x  104Y60 <1.90-® nd > 1.00 x  10® ndL62 6 .5 0 -4 nd 1.72 x  105 nd
E 71 4 .1 8 -3 nd 1.47 x  104 nd
L72 3 .4 0 -4 nd 1.77 x  10s nd
p73 <1.90-® 4.26~3 > 1.00 x  10® 3.99 x  10®
v 74 <1.90-® 5 .7 0 "4 > 1.00 x 10® 8.87 x  104
L75 <1.90-® nd > 1.00 x  10® nd
rp76 < 1 .90“ 6 3.00“ ® > 1.00 x  10® 5.67 x  10®
L77 2.50“ 4 4.90“ 4 2.64 x  10s 1.35 x  10®
D 78 9.56- 3 1.37“ 2 1.04 x  104 7.27 x  103
K 82 <1.90-® 2 .1 7 -3 > 1.00 x  10® 9.63 x  104
p83 2.96-3 1.50“ 3 8.28 x  104 1.63 x  10®
j86 < 1 .90“ ® 8.90“ 4 > 1.00  x  10® 4.46 x  104
R 87 3 .9 0 -4 7 .6 0 -4 5.86 x  10s 9.09 x  104
J90 6 .OO- 3 nd 1.15 x  104 nd

C ontinued on N ext P a g e ...
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Table 5.4: A po and  Inh ib ited  HRV14-3C K ex and P  f a c t o r  D a ta  -  C ontinued

Residue Rea;

Inh ib ited

s - 1

A po Inh ib ited

P factor

A po

S91 1.34- 2 nd 3.32 x  104 nd
A " 3.50- 4 nd 6.10 x  105 nd
rplOO <1.90-® nd > 1.00 x  10® nd
L 101 < 1 .90_ ® 1.87-2 > 1.00 x  10® 3.53 x  103
V 102 1.30-2 2 .2 0 -3 3.07 x  103 1.80 x 104
V 103 2.00-® nd 2.33 x  10® nd
L 113 3.60“ 4 nd 1.39 x  10s nd
V 115 2.70-4 nd 1.69 x  105 nd
G 116 9.82-3 nd 4.44 x  104 nd
y l lS 3.20-4 nd 1.16 x  10s nd
A 121 8 .0 9 -3 nd 5.14 x  104 nd
J124 2.33~3 nd 1.59 x  104 nd
L 126 9.55-3 nd 1.86 x  104 nd
yl31 3.69-3 nd 4.29 x  104 nd
N 132 5 .9 1 -3 nd 1.31 x  10s nd
R 133 9.85-3 nd 8.24 x  104 nd
M 134 2 .9 0 -4 nd 1.81 x  10® nd
jl35 <1.90-® nd > 1.00 x  10® nd
y l3 7 < 1 .90“ ® nd > 1.00 x  10® nd
y!39 <1.90-® nd > 1.00 x  10® nd
^141 8.90-3 nd 3.09 x  104 nd
Q 145 <1.90-® nd > 1.00 x  10® nd
G 147 <1.90-® nd > 1.00 x  10® nd
G 148 <1.90-® nd > 1.00 x  10® nd
V 149 <1.90-® nd > 1.00 x  10® nd
Liso < 1 .90-6 nd > 1.00 x  10® nd
C 151 < 1 .90“ ® 3.75-2 > 1.00 x  10® 2.21 x  104
A 152 2 .0 0 -4 6.90-3 5.73 x  10® 1.67 x  10s
K 155 6.47- 3 nd 6.74 x  104 nd
pl57 <1.90-® 2.83-3 > 1.00 x  10® 3.85 x  104
G 158 <1.90-® nd > 1.00 x  10® nd
jl59 < 1 .90“ 6 nd > 1.00 x  10® nd
H 160 <1.90-® nd > 1.00 x  10® nd
y l61 2.50- 4 nd 3.56 x  105 nd
G 162 <1.90-® nd > 1.00 x  10® nd
G 163 < 1 .90“ ® nd > 1.00 x  10® nd
N 164 8 .IO - 3 nd 1.82 x  10s nd
Q 167 5 .7 1 -3 nd 1.08 x  105 nd
G 168 <1.90-® nd > 1.00 x  10® nd
F 169 <1.90-® nd > 1.00 x  10® nd
S170 <1.90-® nd > 1.00 x  10® nd
A 171 <1.90"® nd > 1.00 x  10® nd
Q 172 <1.90-® nd > 1.00 x  10® nd
L 173 < 1 .90“ ® nd > 1.00 x  10® nd
K 174 3 .0 0 -4 nd 6.06 x  10® nd

tn d  =  N ot D eterm ined (fast)

5 .4 .4  O lig o m er iza tio n  A n a ly s is

During the analysis of the backbone NMR data for the apo HRV14-3C protease, the 

possibility tha t the enzyme was oligomerizing was investigated. These concerns originated
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APO HRV14-3C INHIBITED HRV14-3C
Apo HRV14-3C: H31
V  =  0 .19  •  exp (-0.001 0  +  0.16

I
Io.

Time (minutes)

Bound HRV14-3C: H31
V  =  0.91 * e x p  ( -0 .0 0 0 3 1 )+ 1 3 .6

i5
I0.

Time (minutes)

. Apo HRV14-3C: K82
V  =  0 .34  * exp  (-0 .0 0 2 1) +  0.11

Bound HRV14-3C: K82
V  =  17.5 • e x p ( - 2 .2 '6 1 ) -0 .4 2

Apo HRV14-3C: 186
V  =  0.17 * exp ( -0 .0 0 0 9 1)  +  0.39

I
I

Bound HRV14-3C: 186
V  = 1 2 .6 *  exp (-8 .58 '7t)  +  0

Apo HRV14-3C: R87
V  =  0 .19  * exp ( -0 .0 0 0 8 1) +  0.14

Bound HRV14-3C: R87
. V  =  7 .6  * exp  ( -0 .0 0 0 4 1) +  3.0

Figure 5.12: Selected  K ea; D ata  for th e K F R D I R egion o f  th e  H RV 14-3C Protease.
Volume integration values were obtained from NMRView [9] and fitted to the exponential 
curves with ORIGIN v7.5. The selected graphs are for the RNA binding region KFRDI82-86. 
D ata for the apo enzyme is presented on the left. D ata for the inhibited enzyme is shown 
on the right. Despite the near surface exposure of residues Lys8 2  and lie86, their amides 
present no measurable exchange in the bound state compared with the apo enzyme.
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from preliminary ultracentrifugation data tha t was collected on the apo enzyme during the 

initial NMR sample condition screening, which fit a weak monomer-dimer or weak monomer- 

tetram er model with a predicted mass of 24 kDa. These results were confirmed via NMR. 

Fitting the integrated 1 5 N-CPMG-HSQC envelope data to equation 5.3 yielded a  T 2  of 

62.5 ms corresponding to a correlation time (rc) of 14.1 ns in D 2 O or ~10.57 ns in H2 O as 

determined from equation 5.1 for the inhibited enzyme. The estimated r c (equation 5.4) for 

a monomeric form of the labelled HRV14-3C protease is 9.25 ns in H 2 O and 11.56 ns in D 2 O. 

These results are consistent with a weak dimeric model where ~ 8 6 % of the enzyme exists 

as a monomer as determined with equation 5.6. The results for the apo enzyme in H 2 O 

provided a T 2 of 75 ms and a t c of 12.1 ns. These results correspond with a weak dimeric 

model with ~70% of the apo enzyme existing as a monomer. Because comparison of this 

data involves samples in different solvents (H2 O and D2 O) and because an expected error 

of ~7%i exists when comparing data obtained between the two solvent, the minor difference 

between the two samples (16%) is probably insignificant. These results were expected 

considering every attem pt was undertaken to obtain and maintain a monomeric form of the 

protease to improve the quality of NMR data. Interstingly, two possible homodimerization 

interfaces were reported for the X-ray structure of the homologous Polio-3C protease [29,

35]. One interface involved residues He5 6  - Glu6 3  and the other involved residues T yr1 0 9  

Pro115. These regions correspond to the regions Val5 6  - Asp6 4  and T hr1 0 9  - Val1 1 8  in the 

HRV14-3C protease. Broad amide NMR peaks were observed in the HRV14-3C protease for 

Val56, which resides within one of the suggested homodimerization interfaces (Figure 4.7: ,5- 

strand I e). However, inspection of other residues within this /3-strand did not reveal similar 

results and identification of any dimerization site could not be made with the NOE data 

collected on either the apo or inhibited HRV14-3C enzyme. W hether these exposed /3-strand 

backbone atoms are involved in non-specific homodimerization or are specific functional 

heterodimerization interfaces necessary for translation and/or transcription regulation [33,

36] is still undetermined.
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5.5 Conclusion

The preliminary concerns regarding sample stability were resolved following completion 

of this phase of the project. However, despite the additional purification step with the 

hydroxyapatite column and the addition of 0.1 mM NaN3 , the apo enzyme eventually pre

cipitated out of solution (after ~ 6  months). Interestingly, the broad NMR peaks observed 

in the 1 5 N-HSQC spectrum (Figure 5.1) of the apo HRV14-3C protease were originally 

thought to arise from degradation. However, these observations were also seen in spectra 

collected on an apo HRV14-3C protease sample with significantly improved stability and 

therefore, postulated to result from /is chemical exchange processes. Unlike the inhibited 

enzyme, which presented nearly all expected NMR data, the apo enzyme has a number of 

regions with broad (Figure 5.3) or un-assignable signals tha t are hypothesized to be involved 

in conformational exchange processes. These areas are presumed to undergo fis timescale 

chemical changes. Interestingly, the majority of these residues fall within the proteolytic 

site, the stemloop-D RNA and RNA polymerase binding sites and in regions with yet un

determined biological functions. The apo enzyme also presented increased RMSDs in the 

C-terminal /5-barrel domain compared to the inhibited enzyme. Although the few number 

of data points limited the precision of the calculated exchange rates, a clear distinction be

tween the two domains was evident. Specifically, the C-terminal /5-barrel domain, which is 

involved in proteolytic substrate recognition, presented faster 1 H /2H exchange rates (Figure 

5.4) in the apo enzyme compared with the inhibited enzyme. The backbone of the RNA 

binding region remains conformationally unchanged upon inactivation. Dynamically, how

ever, it presents slower exchanging amides. These new insights compliment recent findings 

regarding allosteric communication between the RNA binding and proteolytic regions of the 

3C protease, which was observed for the homologous enzyme, HAV-3C [34]. The findings 

presented here suggest tha t if these processes occur in the HRV14-3C enzyme, they are 

dynamically rather than structurally mediated.
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Chapter 6

Concluding Remarks and Future 
Directions

6.1 Introduction

The intent of this study was to investigate the proteolytic pharmacophore of the rhi- 

novirus 3C protease (serotype 14, subgenus B) using NMR methodology. While conducting 

the initial NMR experiments on the apo enzyme however, solution state instability prob

lems persisted tha t made NMR spectral analysis difficult. Therefore, it was determined that 

in order to complete this objective, further stabilization of the enzyme would be required. 

This led to the investigation of an inhibited state in which the enzyme was inactivated by 

covalently binding a 2C/3A peptide cleavage sequence analogue. This change in direction 

greatly improved the enzyme’s solution stability and allowed the exploration of the pharma

cophore with a novel inhibitor tha t deepened our understanding of 3D protease substrate 

diversity. These insights were obtained by comparing the solution structure of HRV14-3C 

with the X-ray structure of HRV2-3C (subgenus A; 51% sequence identity to the HRV14-3C 

protease). In addition to this comparison, charaterization of previously unknown upstream 

(P 5 and Pfj) substrate interactions were afforded from the increased length of our inhibitor. 

Not only has our understanding of the conserved components of the HRV-protease substrate 

binding mechanism been improved, but new insights into the deactivation mechanism of the 

enzyme via deamidation of Asn1 6 4  has also been gained.

This project also succeeded in producing the solution structure for the apo HRV14-3C 

enzyme along with a nearly complete chemical shift assignment. Investigation into dynamic
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differences between the two enzyme states yielded some interesting results. Specifically, 

the C-terminal /3-barrel domain presents fast exchanging amides in comparison to the in

hibitor bound state. Upon binding of the inhibitor, the entire enzyme becomes ‘rigid’. This 

inactivation also manifested dramatic improvements to solution stability of the protease.

There are two directions for future consideration tha t this project might take. One 

centers around answering additional biological questions. The other continues with the 

development of inhibitors and potential lead pharmaceutical candidates.

6.2 Biological Questions

6 .2 .1  H e te r o d im e r iz a t io n  In terfa ce  Id e n tifica tio n

In completing this project, two structures and two sets of chemical shift data for two 

different states of the HRV14-3C protease were produced. These data now provided the 

necessary foundation to explore other biological processes of the enzyme through chemical 

shift perturbation analysis. By using NMR as a tool for structure elucidation, previously 

identified homo-dimerization sites in a homologous 3C protease [1 ] could not be confirmed 

in the solution structure of the HRV14-3C protease under the sample conditions outlined in 

Chapter 2. However, RMSD changes and dynamic differences (Table 5.4) identified three 

key regions of the protein. Two of the three regions have already been confirmed to be 

involved with im portant biological functions. One region being the proteolytic site (studied 

here), the other region being the RNA binding site [2] and the last region being an area 

implicated with viral RNA polymerase heterodimerization [3]. W hat is noteworthy from 

this work, is tha t additional regions of the protease also display changes in their dynamics 

(ie. Val56, Lys61, Leu62, Asn6 7  and Asn80). Although spatially close, these residues have not 

been implicated with any specific hetero-dimerization interface. The im portant questions 

to be asked here, are what other proteins does the 3C enzyme associate with? The 3C 

protease has been shown to be regulated by the 2C gene product. Also, the 3C protease 

has been implicated with altering host-cell RNA transcription machinery, as have the 3AB 

gene products. Does the 3C protease interface with any of these proteins and if so, where? 

These are questions tha t might be answered from simple 1 5 N-HSQC titration experiments 

relatively quickly now tha t the chemical shift assignments are in hand.
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Furthermore, two im portant biological processes tha t HRV14-3C is involved with (prote

olytic activity and RNA binding/RNA polymerase heterodimerization) have been allosteri- 

cally linked for the homologous picornaviral 3C protease, HAV-3C [4], It is still unknown if 

these effects manifest in the rhinovirus proteases, which leaves a door open for these stud

ies to be explored kinetically. Following this, structural studies could also be undertaken. 

Interstingly, no structural change in the RNA binding site occured upon inhibition. De

termining whether structural changes occur in the proteolytic site following RNA binding 

would allow us to determine if allosteric communication exists.

6.3 Inhibitor Design

6 .3 .1  P r o te o ly t ic  In h ib ito rs

It was hoped tha t the insights into the proteolytic recognition gained with this study 

could help direct future inhibitor design. Two points were concluded from this study. One 

being tha t lead pharmaceutical candidates should be truncated to the P 4  position. This 

conclusion arose because inhibitors with only the P i to P 4  substrate positins have already 

been shown to impart substrate recognition and furthermore, the A sn1 6 4  deamidation event 

has been shown to significantly impair this recognition [5]. By limiting the size of inhibitors 

to the P 3  or P 4  upstream position, no interaction with the asparagine would occur, making 

the deamidation event a mute point. The second issue focuses around the P ' substrate 

interactions. No structural data for these interactions exists for any of the HRV-3C pro

teases. Inclusion of residues tha t bind to this substrate pocket have presented significantly 

increased cleavage rates. It is hypothesized tha t inhibitors tha t incorporate post-scissile 

bond moieties into their design, might compensate for the loss of substrate recognition af

forded by the P 5  to Pg residues. The studies described here have identified a region of the 

3C protease tha t might well be involved with these post-scissle bond interactions. Although 

no structural data involving these post-scissile bond interactions yet exists, the proximity 

of these residues to the catalytic triad and their strong correlation with the apo enzyme 

in regards to flexibility and dynamic similarity suggest their possible involvement. Future 

projects might focus around characterizing these interactions. This information could help 

develop inhibitors tha t bind the P 3  to P 3  substrate positions.
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6 .3 .2  In h ib it io n  w ith  Z inc

Other sets of experiments might focus around studying the possible inactivation of the 

enzyme with zinc. Since its implication in expediting the recovery of individuals infected 

with rhinoviruses [6 ], zinc has been the focus of a number of double-blind studies to test its 

effectiveness in alleviating cold symptoms [7, 8 , 9]. These studies have shown a statistically 

significant difference between the control and zinc treated groups. These results are inter

sting given the fact the zinc binds cysteine residues and the 3C gene product is a cysteine 

protease. Does zinc interact within the proteolytic active site or the other two cysteine 

residues (Cys3 5  and Cys151), which are spatially close to the RNA and 3D heterodimera- 

tion interfaces? This question might also be answered from a simple 1 5 N-HSQC titration 

experiment.

6 .3 .3  O th er  M e th o n d s  o f  In h ib itio n

The philosophy “there are more than one way to skin a cat ” might hold true for in

hibiting the 3C protease. In particular, sequential and structural conservation is observed 

within the 3C protease proteolytic and RNA binding sites (Figure 6.1). Although their 

catalytic triad residues are conserved, residues in proximity to the triad tha t are involved 

with binding the multitude of proteolytic substrates are divergent within the picornaviruses. 

In fact, the 110+ serotypes within the HRV genus alone exhibit considerable variability in 

their substrate and inhibitor recognition [10]. This variability had made the development of 

universal proteolytic inhibitors based on active-site inhibition somewhat challenging. How

ever, members within the picornaviridae 3C protease family also share a sequentially and 

structurally conserved RNA binding region (Table 5.3).

The binding determinant of this RNA fragment (stem loop D of IRES 1 clover-leaf 

RNA), which binds the picornaviral 3C protease has been identified [12] and its solution 

structure solved by NMR [13, 14]. Furthermore, our study shows tha t the RNA binding 

region of the HRV14-3C protease remains rigid upon proteolytic inactivation. These results 

mirror the results seen with the apo and bound structures reported for the homologous 

hepatitis A (HAV-3C) protease (Table 5.3). The high level of conservation seen for the 

picornaviral 3C protease RNA binding site suggests tha t the development of competitive
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6.3. INHIBITOR DESIGN

FMD
HAV
HRV2
HRV14
ECHO
ENTERO
cox
POLIO

FMD
HAV
HRV2
HRV14
ECHO
ENTERO
COX
POLIO

SGAPPTDLQKMVMggTKPVELILDGKTVAICCAT GVF GTAYLVPF
LVQF GVGEKNGSVRWVMNALGVKDDWLLVPS

iSCVITTENGKFTG-----------------LGVYDRFWVP1
IMTITT SKGEFTG---------------- LGIHDRVCVI PI

STVKTEYGEFTM-----------------LGIYDRWAVLPF
STVKTEYGEFTM-----------------LGIYDRWAVLPF
STVKTEYGEFTM-----------------LGIYDRWAVLPF
VTATTSKGEFTM-----------------LGVHDNVAVLPT

—  ST L E I AG- LV] 
-GPEEEFGMSLi: 
-GPNTEFALSLL 
-GPAFEFAV, 
-GPAFEFAV  
QGPAFEFAVi 
-GPGFDYAVi

D GRALTD £ D YRVFEFEIKVKGQDML S---------
E F YF NRGGTY Y SISAG H W IQ  SLDVGAQ---------
 p g k e i q v d g i t t k v i d  s y d l y n k n g i k i ;
----------PGD D VLVNGQKIRVKDK YKLVD P E UINI
 PGSTILMNDQEVCLLDAKELVDKDGINI
 PGPTILMNDQEVSVLDAKELVDKDGMNI
 PGP TILMNDQK VGVLD AKELVDK D GTN t
----------PGE TIWDGKEVEVLDAKALE DQAGTNlj

M M V L ip a
YLMKVEjJl 

|lT V L K L ljiN  
LTVLTLllfNi 
LTLLKLlf 
' ILLKLHRK 
LTLLKLlj§N] 

I i t iv t l e S s '

iFAEKYEKIM L
■YKFEKDYEMM

■Q------------

S------------------

KHFR------------
'QHFIKK G
.R-YIPN NED- 
.G -F IS --E D L  
.G-FLAR-EEV  
.G-FLAK-EEV  
G-FLAK-EEV  
P -H IP T -Q IT

FMD
HAV
HRV2
HRV14
ECHO
ENTERO
COX
POLIO

DVARLKKGTPWGVINHADVGRLIFSG EALTYKDIW CMD GD TM P GL F A YK AATK
DVPRALN- RLATLVTTVNGTPMLISEGPLKME EKATYVHKKNDG TTVDLT-VDQAWR
 DYPNCNLA— LLANQPEPTIINVG----------- DWSYGNILLSGNQTARMLK-YSYPTK
EGVDAT--------- LV— VHSNNFTNTILEVG-------- PVTMAGLINLSSTPTNRMIR-YD YATK
EVNEA---------VLA— INTSKFPNMYIPVG-------- QVTDYGFLNLGGTPTKRMLM-YNFPTR
E VNE A--------- VLA— IN  TSK F PNMYIPVG-------- QVT D YGF LN LGG T PTK RMLM-YN F PT R
EVNEA---------VLA— INTSKFPNMYIPVG-------- QVTDYGFLNLGGTPTKRMLM-YNFPTR
ETNDG--------- V L I— VNTSKYPNMYVPVG-------- AVT EQGYLN LGG RQTARTLM-YN F PTR

FMD
HAV
HRV2
HRV14
ECHO
ENTERO
COX
POLIO

VLAKDGADT— FIVGT H SAGGN GVGY CSCVSR SMLL —K— MKAHID P E 
A L V = * B s  IQNAILGIH-VAG-GN----- SILV-AKLVfqEMFQN ID 
YL YK^^B----------VLGIH-VGGNGH----- DGFS-AMLL^RSYFT-------------
V L C A ^ B  1FGIH-VGGNGR----- QGF S-AQLK --KQYFVE KQ------
VLM ^^H ---------VLGIH-VGGNGH-------QGFS-AALL-RHYFNEEQ------
V L M ^ H ---------VLGIH-VGGNGH-------QGF S-AALL-KHYFND EQ------
V L M ^ H ---------VLGIH-VGGNGH-------QGF S-AALL—KHYFNEEQ------
11  TC^ B ---------V I GMH~ VGGTIGS-------HGF A-AALK -  RSYFTQNQ-------

Figure 6.1: P icornaviridae P rotease Sequential A lignm ent. Multiple sequence align
ment for various picornavirus 3C proteases was performed with CLUSTLW [11]. Sequence 
conservation of the RNA binding site is highlighted red. Residues with suspected RNA 
interaction are colored brown and the residues implicated in 3D polymerization are colored 
yellow. The proteolytic triad and oxyanion-hole forming residues are highlighted green.

RNA binding antagonists might also be possible. In addition, these inhibitors may also 

afford universal applications in the treatm ent of other picornaviridae diseases, which include 

more pathogenic organisms like Polio, Hepatitis-A, Meningitis, Myocarditis and Foot-and- 

mouth disease. Certainly, more investigation into the structural similarity of residues in 

proximity to the RNA binding site will need to be done to confirm this and no structural 

data yet exists for the protein-RNA binding. However, now tha t structural and chemical 

shift data is in hand for both of these macromolecules, this study can proceed.

It might be possible tha t inhibition of other protein-protein interactions may also impact 

in the viral life cycle significantly. For example, would destroying the 3CD heterodimer-

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.4. CONCLUSION

ization event halt the nuclear localization of the 3C protease or affect RNA transcription? 

W hat other interface sites exist (ie . 2C gene product)? First and foremost, before any of 

these studies can begin, these possible interface sites need to be identified and characterized 

structurally.

6.4 Conclusion

Since beginning this study, many new insights into the picornaviral life cycle have 

emerged. Our understanding of how the virus regulates its activities, affects host cell ac

tivities and eventually replicates have been improved. This thesis presents new data about 

a very specific component required by the picornaviridae, which can now be added to this 

growing body of knowledge. Ultimately, it is hoped tha t the insights provided here can be 

used to further our scientific understanding of the virus’ life cycle and be used to help direct 

other researchers in their quest to interupt the virus’ capacity to infect and replicate. For 

this outcome is what it truly sought and what is required to reduce human morbidity and 

improve human quality of life.
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A ppendix A

M olecular B iology Recipes

C hrom atography Buffer

Ingredient Q uantity
TRIS 6.05 G
EDTA 2 ml
D TT 771 mg
dd H20  at 4 °C_______________________________________ qs 1 L

Dissolve ingredients in dd H 20  and adjust the pH to 8 . 8  - 9.0 at 4 °C. with 10 M HC1 (~45 
drops at 4 °C). Trickled argon gas through the buffer for 5 minutes prior to adding DTT.

D enaturing Buffer

Ingredient C oncentration
Urea 7 M
TRIS-HC1 pH 8.0 30 mM
Cysteine 20 mM
EDTA 1 mM
DTT 25 mM

Add the precipitated HRV14-3C protease up to a concentration a 1 mg/ml.
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R efolding Buffer

Ingredient
K H 2P 0 4 pH  6.5
EDTA
D TT

C oncentration
20 m M  

0.5 m M  
5 m M

Equilibrate to 4 °C and degassed with Argon prior to addition of DTT.

Electrophoresis R unning Buffer lOx

Ingredient
Glycine 
T R IS  HC1 
SDS 
dd H 20

Q uantity
144 G 

30 G 
10 G 

qs 1 L

Dilute 1:10 prior to use.

Electrophoresis Stain ing Solution

Ingredient
Glacial acetic acid 
Ethanol 95% 
Brilliant Blue R250 
dd H 20

Q uantity
1 0 0  ml 
500 ml 

1 G 
400 ml

Electrophoresis D e-Stain ing Solution

Ingredient Q uantity
Glacial acetic acid 400 ml
Ethanol 95% 1 L
dd H 20  2.6 L
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LB P lates

Ingredient
Bactotryptan (Tryptone Peptone)
Yeast extract
NaCl
Bacto-Agar 
dd H20  
Ampicillin 
Chloramphenicol

Q uantity
10 G 
5 G 

10 G 
15 G 

960 ml 
1 0 0  mg 
50 mg

Dissolve all ingredient except antibiotics in dd H 2 0 , and adjusted the pH to 7.0 with 1 M 
NaOH. Autoclave the media for 30 minutes at 15 psi and 121 °C. Once cooled below 50 
°C, add the antibiotics and transfer the media into sterile petri dishes (25 cc per dish) via 
sterile pipette in a laminar flow hood. Once the media cools (partially covered) to room 
temperature and solidifies and once any condensation on the petri dishes had dissipated, 
transfer the plates to sterile packages and stored at 4 °C.

Loading D ye 2x

Ingredient
TRIS HC1 
Glycerol 
SDS 
dd H20

C oncentration
0.09 M 

20% 
10 G 

qs 1 L

Do not diule prior to use.

Lysing Buffer

Ingredient Q uantity
TRIS 0.242 G
EDTA 0.5 M 160 jA
DTT 30.8 mg
Lysozyme 8  mg
dd H20 qs 40 ml

Adjusted the pH to 9.0 with 1 M HC1 and trickle argon gas through the buffer for 5 minutes 
before adding DTT.
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M inim al M edia

Part A  - M 9 salts  
Ingredient
Na2 H P 0 4

k h 2 p o 4

NaCl
n h 4c i
dd H20

Q uantity
6.78 G 

3.0 G 
500 mg 

1 G 
946 ml

Part B
Ingredient Q uantity
Glucose 4 G
Thiamine 1% 1 ml
FeS0 4  1 mM 2 ml
M gS0 4  1 M 2 ml
CaCl2  1 M 100 i l l

dd H20 24 ml

Combine Part A  ingredients and autoclave at 121 °C and 15 psi for 30 minutes. Once Part 
A  has cooled to 25 °C, add the ingredients in Part B and with the appropriate quantity of 
antibiotics (ampicillin 100 /ig/ml, chloramphenicol 50 //g/ml) via filter sterilization through 
a 2 2  //m pore filter.

P h osp hate Buffered Saline

Ingredient Q uantity
8 G 

2 0 0  mg 
1.44 G 

240 mg 
800 ml

Dissolve ingredients and adjust the pH to 7.4 with HC1.

NaCl
KC1
Na2 H P 0 4  

KH2 P 0 4  

dd H 9 O
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SDS PA G E Gel

Ingredient Q uantity

M ain 12% Stacking 4%
dd H20 3.4 ml 3.1 ml
Acrylamide 30% 4.0 ml 670 pi
TRIS HC1 pH 8 . 8  1.5 M 2.5 ml -

TRIS HC1 pH 6 . 8  0.5 M - 1.25 ml
SDS 20% 50/d 25 pi
APS 10% 50/d 25 pi
TEMED 6 /d 5 pi

Prepared the gels with fresh APS. Add the ingredients in the order indicated, such that 
the catalyst, TEMED, is added last just prior to pouring the unset gel into molds. Fill the 
molds ~  3/4 full with the main gel and layer with n-butanol. Once set (~20 minutes), layer 
the stacking gel and insert a lane divider.

Teriffic B roth  M edia

Part A
Ingredient Q uantity
Tryptone-Peptone 12 G
Yeast Extract 24 G
Glycerol 4 ml
dd H2 O 900 ml

Part B
Ingredient Q uantity
KH2 PO 4  2.31 G
K 2 H P 0 4  15.54 G
dd H2Q 90 ml

Make Part B up to 100 ml. Autoclave the parts separately at 15 psi and 121 °C for 30
minutes. Once cooled to room temperature, combined the parts and add the antibiotics via
filter sterilization (final concentrations: 100 pg/m l for ampicillin and 50 pg/m l for chloram
phenicol).
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A ppendix B

HRV14-3C Protease Expression  
and Purification Protocols

B .l  Expression Protocol

Plasm id vector: pE T -3a containing th e H R V 14-3A BC  gene 
H ost cells: E. c o l i  B L 21(D E 3) pLysS cells 
Freezer stock: O ct22-D

1. Streak plates with OCT22-D 50% freezer stock of E. coli (BL21(DE3) pLysS), which 
contains the pET-3a vector with the HRV14-3ABC gene, onto LB media plates con
taining 100 /ig/rnl of ampicillin and 50 /rg/ml of chloramphenicol.

2. Incubate plates at 37 °C for 24 hours.

3. Inoculate 25 cc of TB or LB media with a few isolated colonies.

4. Grow cells at 37 °C for 12 to 24 hours1 on a rotobed shaker (325 RPM). Give booster
doses of ampicillin (100 /ig/ml) and chloramphenicol (50 /j.g/ml) at 6  hour intervals
to maintain plasmid presence.

5. Transfer sufficient amount of cells to 1 L TB media to achieve an initial ODgoonm 
~0.12 and divide into four 1 L beveled flasks (250 cc/flask).

6 . Grow cells at 37 °C on rotobed shaker (325 RPM) until ODfjoonm ~1.0

1Requires 12 hours in TB or LB media; 24 hours in MM
2Requires ~1% or 2.5% v /v  of innoculum for TB/LB or MM overnight cultures respectively
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B.2. PROTEIN INDUCTION TEST

7. Centrifuge cells at 2300 x g for 30 minutes. Decant media and re-suspend cells in 250 
cc of labeled MM containing (100 pg/m l) and chloramphenicol (50 pg/m l). Transfer 
cells to  1 L bevelled flask and return to rotobed shaker (325 RPM) at 37 °C.

8 . Following a 1 hour recovery period, induce cells with 0.04% of IPT G 3. Reduce temper
ature to 25 - 30 °C and allow expression to continue for 1 2  to 14 hours. Give booster 
doses of 100 pg/m l of ampicillin after 6  hours of induction to maintain pET-3a plasmid.

9. Harvest cells by centrifugation (2300 x g) for 30 minutes. Decant media, wash with 
PBS and re-centrifuge4. Decant PBS and store whole cells at -20 °C until required for 
purification.

B.2 Protein Induction Test

Prior to  proceeding w ith  protein  purification, protease expression  was confirm ed  
by running an aliquot o f production  culture on 12% SD S-PA G E gel for an alysis5.

1. Centrifuge oOOpl aliquot at 15,000 RPM in a 1.5 cc epindorph tube for 15 minutes. 
Decant PBS. Store cells at -20 °C till required

2. Resuspend cells in 100 pi of dd H2 O and vortex.

3. Combine with 100 pi of 2x loading dye and boil for 10 minutes.

4. Separate 2.5pl, 5pl and lOpl loads of aliquot along with standard in 12% SDS-PAGE 
gel. Compare against standard to confirm induction.

3Requires ~  500/rl of a 20% IPTG solution in 250 ml of culture
4Retain 500 /4 of cells for induction test
BCell lysis can be started during the induction test, which should be completed before lysed cells are 

ready for loading onto the chromatography column
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B.3. PROTEIN PURIFICATION

B.3 Protein Purification

1. Re-suspend cells in 40 cc lysing buffer. Let cells equilibrate to room tem perature for 
2 0  minutes.

2. Transfer lysing buffer with suspended cells (4 x 10 cc) to four 25 cc Nalgene® cen
trifuge tubes.

3. Complete 3 cycles of freezing at -70 °C for 20 minutes and thawing at 4 °C for 30 
minutes.

4. Let lysed cells stand additional 30 minutes following freezing and thawing cycles.

5. Pellet cellular material at 18,000 RPM (~36,200 x g) for 60 minutes. Decant super
natant, add ~ 8  - 10 drops of PEE /  tube, lightly agitate and re-pellet at 18,000 RPM 
(~36,200 x g) for 20 minutes.

6 . Gently recover clear supernatant and adjust pH to 9.0 with TRIS.

7. Layer supernatant over either a Q-Sepharose™or DEAE-Sepharose™anionic exchange 
chromatography column6  (~120 cc) pre-equilibrated to pH 9.0 at 4 °C with chro
matography buffer7. Run column at a rate of 2.5 - 3 cc/min. and collect 9 ml 
fractions8.

8 . Pool fractions containing HRV14-3C and dialyzed in phosphate buffer using 5000 MW 
cut-off dialysis membranes9. Use the Bradford assay to quantify the purified HRV14- 
3C protease.

Addendum: Following step 7 and prior to dialysis, the use of a hypoxyapitite column 
was used to improve the purification and stability of the apo HRV14-3C protease. A 
detailed summary of its use follows:

Collect fractions containing pure HRV14-3C protease1 0  and load onto a 
50 ml BioGel-HA® hypoxyapatite column. Wash column with 100 ml of 
loading buffer (50 mM TRIS, 1 mM EDTA, 5 mM DTT, pH 8.5) and 100 
ml of phosphate buffer (40 mM KH 2 PO 4 , 0.5 mM EDTA, 10 mM DTT, 1 
mM NaN3 , pH 6.5). Elute the HRV14-3C protease with a 40 to 195 mM 
phosphate buffer linear gradient using a flow rate of 2 to 3 ml/min.

6Clean and sterilzize chromatorgraphy columns (1.5 cm x 30 cm) 95% ethanol. Plug with wet glass wool 
and fill with 120 to 150 ml of ion exchange resin (follow manufacturer’s recomendations for resuspension and 
packing. Degassed all aggiated resins under vacuum prior to use). Packing of the resin should be done with 
a flow rate of 2.5 cc/min using 3 to 4 volumes of chromatography buffer at 4 °C prior to  use

7 The pH of TRIS buffer is inversely related to  temperature: pH =  pH - 0.03 (A °C).
Therefore, temperature regulation can affect protein separation

8HRV14-3C should elude just following the initial flow-through as detected with UV 2 8 0 nm absorption
9Prepare dialysis membranes by pre-soaking in dd H 2 O for 30 minutes, 20 mM NaHCCU for 30 minutes 

then 0.5 mM EDTA for 30 minutes and checked for leaks
10Confirm via pNA assay and SDS-PAGE gel analysis
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A ppendix C

X PLO R  /  CNS  
Ace-LEALFQ-ethylpropionate 
inhibitor input scripts

The following files were w ritten to incorporate the ethylpropionate group into the 

XPLOR and CNS structure calculations. The topology file defines the atoms, bonds and 

angles in the ethylpropionate group and futhermore, includes all the patches called by the 

annealing.inp script. This file is required to build the ethylpropionate ligand and cova

lently attach it to the extended chain HRV14-3C protease prior to running the simulated 

annealing protocol. The parameter file contains the specific lengths, angles and respective 

energy scalars for the atoms and angles defined in the topology file. These files need to be 

appended to the *.top and *.par files used or called seperately by the generate.inp, gener- 

ate-extended.inp, and annealing.inp scripts during the structure calculation. Additionally, 

modifications to the RECOORD protocols were also required. All these changes have been 

itemized in this appendix and electronic copies of these files have been deposited into the 

PDB along with the inhibited HRV14-3C protease structures (accession code 2B0F.pdb)
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C.l. ETHYLPROPIONATE TOPOLOGY  FILE

C .l Ethylpropionate topology  File

Topology file  fo r  in corpora tion  o f  th e  e th ylpro p io n a te  m o ie ty  
in to  X P L O R /C N S  calcuations

W ritte n  by T ren t C. B jo m d a h l, Ju ly 25, 2005
F in al m odifica tion s m a d e  N ov. 15, 2005  to  correct angle s tra in  about th e  covalen t bond, 
which w as fixed  w ith  th e  in clu sion  o f  the ‘T H R E ’ pa tch  f o r  a n ovel three residue  
angle p a ra m e te r

R ESIdue C A P ! Defines th e  atom s, th e ir charges and bonds for th e  e thylpropionate  group 
GRO U p

ATOM CX5 T Y P E C H1E CHARge 0.0 END
ATOM CX6 T Y P E CH2E CHARge -0.2 END
ATOM CX7 T Y P E C CHA Rge -0.5 END
ATOM 0 X 8 T Y P E O CHARge -0.62 END
ATOM 0X 9 T Y P E OC CHARge -0.62 END
ATOM CJ1 T Y P E CH2E CHARge -0.3 END
ATOM C J2 T Y P E CH3E CHARge 0.0 END
ATOM H I T Y P E HA CHA Rge 0.1 END
ATOM H2 T Y P E HA CHA Rge 0.1 END
ATOM H3 T Y P E HA CHARge 0.1 END
ATOM H4 T Y P E HA CHA Rge 0.1 END
ATOM H5 T Y P E HA CHA Rge 0.1 END
ATOM H6 T Y P E HA CHA Rge 0.1 END
ATOM H7 T Y P E HA CHA Rge 0.1 END
ATOM H8 T Y P E HA CHA Rge 0.1 END

BOND CX5 CX6 BON D CX6 CX7 BON D CX7 0 X 8
BOND CX7 0 X 9 BON D 0 X 9 C J1 BON D CJ1 C J2

BOND CX5 H I 
BOND CX6 H2 
BOND CX6 H3 
BOND C J1 H4 
BOND C J1 H5 
BOND C J2 H6 
BOND C J2 HT 
BOND C J2 H8

IM P R oper CX5 CX6 CX7 0X 8  
IM P R oper CX5 CX6 CX7 0 X 9  
IM P R oper CX6 CX7 0 X 9  CJ1 
IM P R oper 0 X 8  CX7 0 X 9  CJ1 
IM PR oper CX7 0 X 9  C J1 C J2

IM P R oper C J1 0 X 9  CX7 0 X 8  ! chirality  or flatness im proper 
IM P R oper H6 H7 CJ1 H8 ! m ethyl im proper

A C C E ptor 0 X 8  “ ”
A C C E ptor 0 X 9  “ ”

EN D  { R E SIdue C A P }
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C.l. ETHYLPROPIONATE TOPOLOGY  FILE

PR E S idue COVA ! adds th e  covalent bond  betw een C ys146 SG and th e  e thy lprop ionate  CX5 carbon 
D E L E te D O N O R  -H G  -SG 
D E L E te a tom  -H G  end 
ADD BOND -SG + C X 5
M ODIfy ATOM  -SG T Y P E = S M  charge=-0.470 end

ADD ANGLe -C B  -SG + C X 5 
ADD ANGLe -SG + C X 5 + H 1 
ADD ANGLe -SG + C X 5 + C X 6 

END { COVA }

PR E S idue T H R E  ! for 3 residue link 
AN GLe + S G  -CX5 -CA 

END { T H R E  }

P R E S idue P R E T  ! P a tch  added  for e thylpropionaote  group by T C B  
D E L E te a tom  -C  end 
D E L E te a tom  -O  end

ADD BON D -C A  + C X 5 
ADD AN GLe +H 1 + C X 5 -CA 

END { P R E T  }

PR E S NA CE ! A dded by T C B  to  add  N -term  A cetyl group 
ADD BOND -C  +  N

ADD AN GLe -C A  -C  + N  
ADD AN GLe -O  -C  + N  
ADD AN GLe -C  + N  + C A  
ADD AN GLe -C  + N  + H N

ADD D IH E dral -C  + N  + C A  + C  m ult 6 
ADD D IH E dral -C  + N  + C A  + C B  m ult 6

ADD IM P R oper -C A  -C + N  + C A  ! om ega angle across pep tide  p lane 
END { N A C E }

PR E S NACA
!! dum m y p a tch  for first in * .pep file 

END { NACA }

PR E S C A PE
!! dum m y p a tch  for last in *.pep file 

END { C A P E  }
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C.2. ETHYLPROPIONATE PARAMETER FILE

C.2 Ethylpropionate param eter  File
/
/ B o n d  length, dihedral and im p ro p er angles f o r  th e  e th ylprop ion a te  m o ie ty  
! C reated by T ren t B jo m d a h l  
! F inal rev ision s: N ov. 25, 2005

set echo=false end

BOND C C H3E 1000.000 1.516
BON D C T CH1E 1000.000 1.530
BOND SM CH1E 1000.000 1.800
BOND oc CH2E 1000.000 1.530
BOND C T C T 1000.000 1.530
BOND C T C 1000.000 1.535
BOND C T HA 1000.000 1.080

! acetyl cap
ANGLe C C H3E HA 500.0 109.50
ANGLe CH3E C O 500.0 120.8258
ANGLe CH3E C NH1 500.0 116.1998

! covalent bond
ANGLe CH2E SM CH1E 500.0 100.8987 ! taken  from  m et
ANGLe SM CH1E HA 500.0 108.6768 ! tak en  from  m et
ANGLe SM CH2E CH1E 500.0 112.6822 ! taken  from  m et
ANGLe SM CH1E CH2E 500.0 112.6822 ! taken  from  m et
ANGLe SM CH1E CH1E 500.0 111.3300 ! th ree  residue angle

! ester group 
AN GLe OC C O 500.0 123.3548
ANGLe C OC CH2E 500.0 124.0000
AN GLe OC C H 2E CH3E 500.0 120.8258
AN GLe OC C H 2E HA 500.0 109.5000

! covalent bond  im proper
IM P R oper HA HA C H 1E SM 500.00 {sd=0.031} 0 -72.4655

! im propers for ester p lanarity
IM P R oper C OC CH2E CH3E 500.0 {sd=0.031} 0 180.00
IM P R oper O C OC C H2E 500.0 {sd=0.031} 0 0.00
IM P R oper C H2E C OC CH2E 500.0 {sd=0.031} 0 180.00
IM P R oper C H1E C H2E C O 500.0 {sd=0.031} 0 0.00
IM PR oper C H1E C H2E C OC 500.0 {sd=0.031} 0 180.00

! m ethyl im proper 
IM P R oper HA HA C HA 500.0 0 -66.593
IM P R oper HA C H2E HA HA 500.0 0 -66.593

! acetyl d ihedrals angle 
IM P R oper C H 3E C NH1 CH1E 500.0 0 180.00
IM P R oper C CH3E NH1 O 500.0 0 0.00

! dihedrals
D IH E dral NH1 C H1E C H2E SM 2.00 3 0.0

set ech o = tru e  end
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C.3. XPLQR/CNS GENERATE.INP FILE MODIFICATIONS

C.3 X P L O R /C N S generate.inp  File M odifications

/ The fo llow in g  a d d itio n s need to  be in ser ted  in to  the g en era te .in p  sc r ip t  
! fo llow in g  the “se g m en t” g en era tio n  sec tion
/  T he gen era te .in p  sc r ip t  is  used by X P L O R /C N S  to  g en era te  th e ex tended  p ro te in  
! T hese changes call the p a tch es added to  the * .top  file  
! w r itte n  by T ren t C. B jo m d a h l  
! fin a l revision , N ov. 15, 2005

segm ent n am e=  “HRV ” 
chain
if ( convert =  tru e  ) th en  
convert =  tru e  
end if
if ( separa te  =  tru e  ) th en  
separate  =  tru e  
end if
topallhdg5 .3. pep

sequence
gly pro asn th r glu phe ala leu ser leu
leu arg lys asn ile m et th r ile th r th r
ser lys gly glu phe th r giy leu giy ile
his asp arg val cys val ile pro th r his
ala gin pro giy asp asp val leu val asn
gly gin lys ile arg val lys asp lys ty r
lys leu val asp pro glu asn ile asn leu
glu leu th r val leu th r leu asp arg asn
glu lys phe arg asp ile arg  gly phe ile
ser glu asp leu glu giy val asp ala th r
leu val val his ser asn asn phe th r asn
th r ile leu glu val gly pro val th r m et
ala giy leu ile asn leu ser ser th r pro
th r asn arg m et ile arg ty r asp ty r ala
th r lys th r giy gin cys giy giy val leu
cys ala th r giy lys ile p he  gly ile his
val gly gly asn giy arg gin giy phe ser
a la gin leu lys lys gin ty r phe val glu
lys

end

gin
end

end

segm ent n a m e = “INH ” 
chain
@ topallhdg5.3.pep
sequence
ace leu glu a la  leu phe gin cap  end
end
end

p a tch  COVA
refe ren ce= “ - ” = (  resid  146 and  segid HRV ) 
re ference= “ +  ” = (  resid  8 and  segid INH ) 
end

p a tch  T H R E
re fe re n ce ^11 +  ” = (re s id  146 and  segid HRV ) 
re ference= “ - ” = (resid  8 and  segid INH ) 
re fe ren ce= “ - ” = (re s id  7 and segid INH ) 
end
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C.4. PEPTID E LINKAGE FILE

C.4 Peptide Linkage File
S E T  E C H O = F A L S E  E N D

! M odified fro m  ‘topallhdg5 .3 .pep  ’
! G en era tes p ro te in  p ep tid e  bonds an d  te rm in i f o r  a p ro te in  seq 
! M odified by T ren t C. B jorn dahl, N ov. 15, 2005
! to  incorporate  th e  acety l N -te rm in a l acety l and C -te rm in a l e th ylprop ion a te  groups 
! I t  should be called fro m  th e  ‘g en era te .in p  ’ in  th e  S E G M en t S E Q U en ce level 
l

link P P G P head - GLY tail +  P R O  end
link P P G G head - GLY tail +  GLY end
link P E P P head * tail +  PR O  end
link PP G 2 head - GLY tail +  * end
link PPG 1 head _  * ta il +  GLY end
link P E P T head * tail +  * end

! th e  following linkages added  by T C B  for ethyl p ropenoate  group

link P R E T head - GLN tail +  C A P end { LINK to  e thy lproeonate  group }
llink NACE head - A CE tail +  LEU end { LINK to  N -term  acetyl group }

first N T E R tail +  GLY end ! m odified by T C B  for HRV14-3C
first NACA tail +  A C E  end

last C T E R head - GLN end ! m odified by T C B  for HRV14-3C
last C A PE head - C A P end

SE T  E C H O = T R U E  END
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C.5. RECOORD INPUT FILE MODIFICATIONS

C.5 RECOORD Input File M odifications
Specific changes need to  be  m ade to  th e  R E C O O R D  w ater refinem ent protocols in order to  incorpoate  th e  e thy lpro
pionate  inh ib ito r in to  th e  inh ib ited  HRV14-3C s tru c tu re  calculations. Generally, th e  files needed for w ater refinem ent 
are  created  by th e  inpu t shell scrip ts (annealing.sh  and re -h 2o .sk ). However, because th e  ligand is novel and  includes 
“n o n -standard” , som e files need am m endm ents and confirm ation of m odification. T he specific changes include:

1. annealing .inp
select to rsion  protocol

2. re-h.2o.inp
select th e  “ O P L S X ” non-bonded param eter

3. re a d -d a ta .cn s  
noe
averaging * cent ! was sum

4. g en era te .in p
If th e  inh ib ito r p a ra m e te r  an d  topology files are  no t appended to  toppallhdg5.3.* files, bu t called seperately, 
th e  directories th ey  reside in  need to  be  set here:

{ = = = =  ligand topology and  p a ram ete r files = = = = }
{* ligand topology file *}
{ = = = > }  ligand_topology_infile= “S C R IP T S :to p p a r/e th .to p ” ;
{* ligand p a ram ete r file *}
{ = = = > }  ligand_param eter_infile=  “S C R IP T S :to p p a r/e th .p a r” ;

choose th e  O PLSX  or PR O LSQ  non-bonded p a ram ete r set for w ater refinement:
{ = = = > }  evaluate  ($par_nonbonded= “O PLSX ” )

5. R u n .c n s1
confirm  th e  segm ent ID codes for th e  p ro te in  and inhib itor

{ = = = =  filenam es = = = = }
{* th e  nam e of your cu rren t p ro jec t *}
{ = = = > }  fileroo t=  “ro o tS tru c tu re” ;
{ = = = > }  prot_segid_A =  “HRV 
{ = = = > }  pro t_seg idJ3=  “INH

and confirm  th e  non-bonded p a ram ete r set selection 
{* ty p e  of non-bonded p a ram ete rs *}
{ = = = > }  par_nonbonded =  “O PLSX ” ;

1This file should be created automatically and put in the working project directory
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A ppendix D

Chemical Shift Assignm ent Tables

The stereospecific labels in these tables are for annotation purposes only. No experiments 
were preformed to determine the stereospecificity of the branch chain amino acid methyl 
groups.

D .l  Acetyl-LEALFQ-ethyl Propenoate Inhibitor 13C Chem
ical Shifts

Table D .l: Acetyl-LEALFQ-ethyl Propenoate Inhibitor 13C Chemical Shift Assignments^

Group 13p G p 13V̂_Vi*y Other

Acetyl 44.9
P 6  Leu 55.6 44.7 28.1 1 3 C5i 25.8; 13C<52 25.8
P 5 Glu 53.3 33.4 35.7
P 4  Ala 52.7 2 1 . 8

P 3  Leu 55.5 44.5 28.3 1 3 Cai 27.3; 1 3 C* 2  27.1
P 2 Phe 58.3 41.8 13Cg 133.2; 1 3 Ce 130.7; 1 3 C5C, 132.8
P i Gin t r a n s (E ) 56.5 31.1 34.4
P 1 Gin c iS( z ) 51.2 31.1 34.4
H i & H 2 t r a n s (E ) 153.3, 124.4
H i & H 2 t i s ( z ) 153.6, 123.6
Ethyl CH2 64.2
Ethyl CH3 18.3

^Values recorded in DMSO
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D.2 Acetyl-LEALFQ-ethyl Propenoate Inhibitor Chemical Shifts

Table D.2: A cetyl-L E A L FQ -ethylpropenoate Inhibitor lH C hem ical Shift A ssignm ents^ .

Group 1 Htv 'H q % 1 h 7 Other

Acetyl 1.63 (57)
Pg Leu 7.04 (50) 3.37 (49) 0.48 (54), 0.64 (54) 0.63 (55) -0.04 (56); ^ 2  -0.09 (58)
P 5 Glu 7.10 (39) 3.49 (38) 0.78 (45), 0.87 (45) 1.18 (46)
P 4  Ala 7.03 (28) 3.33 (27) 0.29 (37)
P 3  Leu 7.06 (14) 3.33 (14) 0.55 (24), 0.72 (24) 0.72 (25) l USi 0.00 (26); 1R 62 -0.04 (36)
P 2  Phe tr a n s (E ) 6.95 (9) 3.59 (8 ) 1.97, 2.10 (7) XH5 6.24 (2,6); xHe 6.32 (3,5); XHC, 6.43 (4)

Phe dg^z) 6.90 (9) 3.48 (8 ) 1.97, 2.10 (7) xHj 6.24 (2,6); xHe 6.32 (3,5); XHC, 6.43 (4)
P i Gin t r a n s (E ) 7.14 (18) 3.33 (19) 0.87 (20), 1.02 (20) 1.36 (21) 1 He 5.88, 6.35 (35)
P i Gin cis(z) 7.05 (18) 4.37 (19) 0.87 (20), 1.02 (20) 1.36 (21) l B e 5.07, 5.65 (35)
Hi &  H2 t r a n s (E ) 5.81 (32), 4.78 (31)
Hi & H2 cis(z) 5.07 (32), 4.92 (31)
Ethyl CH2 3.24 (43)
Ethyl CH3 0.35 (44)

^Values recored in DMSO
■^Numbers in parenthesis correspond to labels given to protons in Figure 3.6
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D.3 Apo HRV14-3C Chemical Shifts

T able D.3: C h e m ic a l  S h if t  A s s ig n m e n ts  fo r  t h e  A p o  H R V 1 4 -3 C  p r o t e a s e 1

Residue N C ' C a Cp O ther

p2 177.3 64.6 4.39) 32.0 2.45, 2.45) C 7 , 27.1 (1.94, 1.94); C 4, 49.5 (3.55, 3.65)
N3 115.7 8.91) 176.5 53.5 5.01) 39.0 2.77, 3.00) N 42, H 3 .0  (6.88, 7.59)
rp4 116.9 7.70) 174.8 67.2 3.75) 68.7 4.17) C 72, 21.9 (1.17)
E 5 121.2 8.61) 179.2 60.3 3.91) 28.8 2.00, 2.05) C 7 , 36.4 (2.28, 2.33)
F 6 121.2 8.60) 177.4 61.4 4.21) 39.6 3.30, 2.81) C 4, * (7.03); C e, * (6.54); C 0  * (*)
A 7 122.7 8.32) 179.1 55.6 3.70) 18.7 1.32)
L8 117.0 8.60) 179.6 57.7 3.96) 41.5 1.32, 1.83) C 7 , 26.9 (1.66); C 41, 25.5 (0.77); C 42, 22.9 (0.77)
S9 115.5 7.79) 177.1 61.3 4.15) 62.8 3.92, 3.92)
L 10 121.3 7.68) * 57.9 3.78) 41.9 1.08, 1.71) C 7 , 25.9 (1.14); C 41, 23.3 (0.47); C 42, * (0.53)
L 11 120.2 8.15) 177.7 57.9 3.84) 41.5 1.65, *) C 7 , 27.3 (1.38); C 4 i , 23.5 (0.67); C 42, 24.5 (0.71)
R 12 115.2 7.75) 178.5 58.7 4.12) 30.9 1.85, *) C 7 , 27.9 (1.75, 1.65); C 4, 43.3 (3.14, *)
K 13 113.8 7.69) 177.8 57.2 4.69) 35.3 *) C 7 , 25.7 (1.49, *); C 4, 29.0 (*, *); C e, 42.1 (2.94, 2.94)
N 14 116.7 8.63) 172.9 56.1 5.05) 43.5 2.08, 3.15) N 42, H 2 .4  (6.95, *)
I 15 121.3 7.43) 174.3 60.9 5.04) 39.1 1.81) C 7 i ,  28.9 (0.99, 1.35); C 72, 18.9 (0.99); C 4i ,  14.2 (0.64)
M 16 124.2 8.64) 174.3 53.7 4.92) 37.6 1.80, 2.11) C 7 , 30.9 (2.30, 2.37)
rpl7 118.3 8.86) 174.9 62.9 5.05) 69.2 3.98) C 72, 23.04 (1.08)
I18 131.1 9.73) 175.1 58.5 5.49) 38.7 1.77) C 7 i ,  27.5 (1.26, 1.47); C 72 , 16.6 (0.79); C 41, 12.7 (0.77)
rpl9 124.5 9.44) 176.0 61.8 5.52) 69.9 4.01) C 72, 21.9 (1.33)
fp20 120.1 9.39) * 59.3 5.33) 71.2 4.78) C 72, 22.0 (0.98)
s21 * 175.3 61.5 4.42) 62.8 4.08, 4.08)
K 22 118.5 8.41) 176.0 54.5 4.53) 32.1 2.28, 2.28) C 7 , 24.6 (1.42, 1.63); C 4, 27.5 (1.76, *); C e, 42.1 (2.97, *)
G 23 108.2 7.67) 171.2 44.1 4.49, 3.78)
E 24 117.7 8.23) 176.3 55.9 4.94) 31.9 1.59, 1.84) C 7 , 36.4 (2.15, 2.24)
F 25 120.3 9.43) 175.6 57.1 4.50) 43.0 2.65, 2.92) C 4, * (7.25); C e, * (7.11); C ( , * (*)
fp26 120.2 8.43) 172.5 65.2 4.74) 69.8 3.86) C 72, 22.9 (1.34)
G 27 111.0 9.10) 171.3 44.0 5.04, 3.21)
L28 121.0 7.59) 175.4 52.7 4.95) 44.2 1.20, 1.79) C 7 , 26.6 (1.35); C 4i ,  22.9 (0.80); C 42, 26.6 (0.65)
G29 117.0 9.29) 172.3 43.3 1.15, 3.16)
j30 126.9 8.80) 173.8 59.9 3.91) 37.0 1.55) C 7i ,  25.2 (1.40, 0.70); C 72, 17.2 (0.13); C 4i ,  8.74 (0.20)
H31 108.6 7.34) 172.0 54.7 4.44) 30.1 3.02, 3.74)
D32 122.9 10.13) 174.2 57.4 4.03) 40.8 2.61, 2.61)
R 33 125.8 8.34) 175.1 56.4 4.73) 29.1 2.06, *) C 7 , 29.7 (1.53, *); C 4, 43.7 (3.09, 3.09)
V 34 122.0 8.99) 175.4 62.8 4.99) 33.3 1.95) C 7 i ,  21.7 (0.98); C 72, 21.7 (0.98)
c35 124.0 9.65) * 55.0 5.53) 32.7 2.47, 2.58)
y36 114.9 8.28) 173.3 59.0 5.55) 36.3 2.30) C 7i ,  22.0 (1.11); C 72, 22.6 (1.11)

C ontinued on N ext Page.
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D.3. APO HRV14-3C CHEMICAL SHIFTS
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D .4 Inhibited HRV14-3C Chemical Shifts

Table D.4: Chemical Shift Assignments for the Inhibited HRVI4-3C Protease2

Residue N C ' C a C /3 O ther

P 2 177.3 64.7 4.39) 32.4 2.43, 2.43) C 7 , 27.2 (1.93, 1.99); C 4) 49.9 (3.68, 3.68)
N3 115.0 8.90) 176.4 53.2 5.01) 38.8 3.04, 3.04) C 7 , *; N 42, 116.1 (7.17, 8.49)T<4 117.1 7.64) 174.7 67.7 3.69) 68.7 4.10) C 72, 22.0 (1.24)
E 5 120.7 8.64) 179.2 60.3 3.93) 29.0 2.05, 2.05) C 7 , 36.4 (2.25, 2.33)
p6 121.3 8.58) 177.4 61.3 4.22) 39.5 2.81, 3.29) C 4, 132.7 (7.08); C e, 131.4 (6.54); C f , 128.9 (6.22)
A 7 122.5 8.32) 179.1 55.7 3.70) 19.0 1.36)
L8 117.1 8.59) 179.6 57.8 3.91) 41.8 1.32, 1.8) C 7 , 26.7 (1.68); C 4i, 25.6 (0.81); C 42, 22.8 (0.80)
S9 115.7 7.74) 177.0 61.3 4.12) 62.4 3.87, 3.88)
L 10 121.1 7.63) 176.3 58.0 3.78) 41.8 1.13, 1.74) C 7 , 26.0 (0.85); C41, 23.2 (0.46); C 42, 26.0 (0.59)
L 11 120.3 8.13) 177.6 58.0 3.84) 41.7 1.64, *) C 7 , 27.2 (1.35); C 41, 23.4 (0.62); C 42, 24.5 (0.72)
R 12 114.7 7.75) 178.5 58.5 4.13) 31.1 1.86, 1.94) C 7 , 27.8 (1.67, 1.75); C g ,  43.2 (3.17, 3,17)
K 13 113.9 7.66) 178.0 57.3 4.69) 35.6 1.82, 1.86) C 7 , 25.8 (1.42, 1.47); C g ,  28.9 (1.30, 1.47); C e, 41.98 (2.61, 2.97)
N 14 116.7 8.67) 172.7 56.1 5.10) 43.5 2.08, 3.22) C 7 177.6; N 42, 113.0 (7.60, 8.03)
I 15 121.1 7.34) 174.4 60.8 5.10) 39.0 1.86) C 7i ,  29.2 (0.98, 1.37); C 72, 18.8 (1.05); C 4i ,  14.3 (0.69)
M 16 124.4 8.73) 174.2 53.7 5.04) 38.1 1.88, 2.15) C 7 , 30.9 (2.29, 2.43); C e, 18.8 (1.69)
r p l7 118.5 8.89) 174.9 62.9 5.08) 69.6 3.90) C 72, 23.2 (1.09)
I 18 130.6 9.68) 174.9 58.7 5.53) 39.5 1.76) C 7 l , 27.8 (1.20, 1.48); C 72, 16.5 (0.78); C 4i, 12.8 (0.82)^19 124.3 9.41) 175.9 61.8 5.47) 69.5 3.92) C 72, 21.7 (1.35)
^ 2 0 119.6 9.33) * 59.2 5.35) 71.3 4.75) C 72, 21.6 (1.00)
s21 * 175.4 61.6 4.37) 62.3 4.07, 4.07)
K 22 118.3 8.34) 175.9 54.5 4.56) 32.5 1.84, 2.27) C 7 , 24.6 (1.45, 1.62); C 4, 27.7 (1.68, 1.75); C e, 42.21 (2.99, 2.99); N c , * (7.07)
G 23 107.4 7.61) 171.0 44.2 3.80, 4.43)
E 24 117.5 8.26) 176.0 55.9 4.92) 31.6 1.62, 1.82) C 7 , 36.4 (2.23, 2.28)
p25 119.6 9.45) 175.6 56.8 4.50) 42.8 2.65, 2.98) C 4, 130.8 (7.24); C e, 130.8 (7.11); C c , 132.0 (7.54)
^ 2 6 120.1 8.68) 172.3 65.0 4.63) 69.9 3.80) C 72, 22.8 (1.36)
G 27 111.4 9.28) 171.2 44.2 3.22, 5.01)
L28 121.9 7.36) 175.4 52.9 4.96) 43.7 1.22, 1.74) C 7 , 26.5 (1.40); C 41, 22.7 (0.80); C 42, 26.4 (0.66)
G 29 116.8 9.23) 172.2 43.3 1.15, 3.14)
j3 0 126.8 8.80) 173.9 59.8 3.88) 37.0 1.56) C 7 l , 25.1 (0.76, 1.42); C 72, 16.7 (0.15); C 41, 8.9 (0.20)
H31 108.5 7.30) 172.0 54.8 4.44) 30.0 3.05, 3.75) C 42, 118.9 (6.46); C ei , 138.3 (7.79)
D 32 122.8 10.06) 174.1 57.4 4.02) 40.9 2.64, 2.68)
R 33 125.7 8.30) 175.0 56.5 4.72) 29.1 2.05, 2.05) C 7 , 29.0 (1.59, 1.59); C 4, 43.8 (3.06, 3.10); N e, * (6.54); N^, *(6.22)
V 34 121.9 9.01) 175.4 62.7 5.05) 33.1 1.92) C 7i ,  22.0 (0.99); C 72, 22.0 (0.99)
C 35 123.8 9.63) 171.6 54.9 5.53) 33.2 2.52, 2.57)
V 36 114.4 8.39) 173.4 59.1 5.61) 36.1 2.09) C 7i ,  22.7 (1.12); C t2 , 21.4 (1.16)
I37 116.4 8.29) 58.1 4.94) 43.1 1.60) C 7 x, 26.3 (0.87, 1.31); C 72, 17.6 (0.85); C 4i ,  14.8 (0.52)

C ontinued on Next Page.
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D.4. INHIBITED HRV14-3C CHEMICAL SHIFTS
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A ppendix E

Protection Factor Calculations

T able E .l:  A p o  H R V 1 4 -3 C  K rc C a lc u la t io n s

Res Lacid Lbose R acid  R acid  A ntilog K 0 1 A ntilog K 62 Antilog K w3 K rc 4 s 1 K rc (T )5 s 1

I 15 -0.91 -0.73 -0.13 0.32 4.79 x I O '7 7.76 1.23 X 1 0 - 2 7.77 2.73
M 16 -0.79 -0.07 -0.59 -0.23 2.19 x I O '7 1.00 X 101 1.58 X 10~2 1.00 X 101 3.09
^ 1 7 -0.79 -0.07 -0.28 0.11 4.47 x I O '7 2.19 x 101 3.47 x 1 0 - 2 2.19 x 101 4.54
p s -0.91 -0.73 -0.44 -0.11 2.34 x I O '7 2.88 4.57 X IO-3 2.89 1.68
^ 1 9 -0.79 -0.07 -0.59 -0.23 2.19 x 1 0 '7 1.00 X 101 1.58 x 1 0 - 2 1.00 X 101 3.09
^ 2 0 -0.79 -0.07 -0.44 -0.11 3.09 x i o - 7 1.32 x 101 2.09 X 10“ 2 1.32 x 101 3.54
F 25 -0.52 -0.24 0.31 -0.15 3.24 x 10~ 6 8.13 1.29 X 10-2 8.14 2.79
L 28 -0.57 -0.58 0.22 0.17 2.34 x 10~ 6 7.76 1.23 X 10“ 2 7.77 2.73
Q 29 -0.02 0.27 -0.13 -0.21 3.70 x 10~6 2.29 X 101 3.63 x IO-2 2.29 x 101 4.64
j 30 -0.91 -0.73 0.22 0.17 1.07 x 10-6 5.50 8.71 X IO-3 5.50 2.31
H31 0 -0.1 -0.59 -0.23 1.35 x 10~6 9.33 1.48 X i o - 2 9.35 2.99
C 35 -0.54 0.62 -0.3 -0.14 7.59 x 1 0 - 7 6.03 x 101 9.55 X 10~2 6.04 X 101 7.45
y 4 7 -0.74 -0.7 0.58 -0.18 3.63 x 10-8 2.63 4.17 X 10“ 3 2.63 1.61
L 48 -0.57 -0.58 -0.3 -0.14 7.08 x 1 0 - 7 3.80 6.03 X 10“ 3 3.81 1.93
V49 -0.74 -0.7 -0.13 -0.21 7.08 x 1 0 - 7 2.45 3.89 X 1 0 - 3 2.46 1.55
Q 52 -0.47 0.06 0.22 0.17 2.95 x 10-6 3.39 X 101 5.37 X 10“ 2 3.39 X 101 5.62
j54 -0.91 -0.73 -0.29 0.12 3.31 x 10~7 4.90 7.76 X 10“ 3 4.91 X 10 2.18
v 56 -0.74 -0.7 -0.32 0.22 4.57 x 1 0 - 7 6.61 1.05 X 1 0 - 2 6.62 2.52
y 6 0 -0.41 -0.27 -0.29 0.12 1.05 x 10-8 1.41 X 101 2.24 X 10~2 1.41 X 101 3.66
y 7 3 -0.79 -0.07 -0.13 -0.21 6.31 x 1 0 - 7 1.05 X 101 1.66 X 1 0 - 2 1.05 x 101 3.16
V 74 -0.74 -0.7 -0.44 -0.11 3.47 x 1 0 - 7 3.09 4.90 X 10“ 3 3.10 1.74
fp76 -0.79 -0.07 -0.13 -0.21 6.31 x 1 0 - 7 1.05 x 101 1.66 X 1 0 - 2 1.05 X 101 3.16
L77 -0.57 -0.58 -0.44 -0.11 5.13 x 1 0 - 7 4.07 6.46 X 10“ 3 4.08 1.99
D78 0.9 -0.3 -0.13 -0.21 3.09 x 1 0 - 5 6.17 9.77 X 1 0 - 3 6.18 2.44
K82 -0.56 -0.04 0.31 -0.15 2.95 x 10~8 1.29 X 101 2.04 X I O '2 1.29 X 101 3.50

-0.52 -0.24 -0.29 0.12 8.13 x 1 0 - 7 1.51 x 101 2.40 X H r 2 1.52 X 101 3.79
j8 6 -0.91 -0.73 0.58 -0.18 2.45 x 10-8 2.45 3.89 X 1 0 - 3 2.46 1.55
R 87 -0.59 0.08 -0.59 -0.23 3.47 x 1 0 - 7 1.41 X 101 2.24 X 1 0 ~ 2 1.41 X IO1 3.66
j9 0 -0.91 -0.73 -0.43 0.06 2.40 x 1 0 - 7 4.27 6.76 X 1 0 - 3 4.27 2.04
g 9 t -0.44 0.37 -0.59 -0.23 4.90 x 1 0 - 7 2.75 X 101 4.37 X 10“ 2 2.76 x 101 5.08
E 95 -0.9 -0.51 -0.13 -0.21 4.90 x 1 0 - 7 3.80 6.03 X 10“ 3 3.81 1.93
L101 -0.57 -0.58 -0.44 -0.11 5.13 x 1 0 - 7 4.07 6.46 X IO-3 4.08 1.99
y io 2 -0.74 -0.7 -0.13 -0.21 7.08 x 1 0 - 7 2.45 3.89 X 10~3 2.46 1.55

C ontinued on N ext P a g e ...
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Table E .l :  A po HRV14-3C K rc C alculations -  C ontinued

Res h acid hf e a s e Racid R acid Antilog K a 1 A ntilog K;,2 Antilog K ,a3 K rc4 S - 1 K rc (T )5 s - 1

rpl29 -0.79 -0.07 -0.13 -0.21 6.31 x  10~7 1.05 x  101 1.66 x  10~2 1.05 X 101 3.16
y ! 3 7 -0.41 -0.27 -0.32 0.22 9.77 x  10~7 1.78 x  101 2.82 x  10~2 1.78 x  101 4.10
C 1S1 -0.54 0.62 -0.13 -0.21 1.12 x  10~6 5.13 x  101 8.13 x  IO- 2 5.14 x  101 6.89
A 152 0 0 -0.46 0.55 1.82 x  10~6 7.08 x  101 1.12 x  10“ 1 7.09 x  101 8.07
p ! 5 7 -0.52 -0.24 -0.59 -0.23 4.07 x  1 0 - 7 6.76 1.07 x  10“ 2 6.77 2.55

T able E.2: Inhibited HRV14-3C Krc Calculations

Res Lacid  hbase Racid Racid Antilog K a 1 A ntilog Kf,2 A ntilog K w 3 K rc4 s _1 K rc (T )s s - 1

F  6 -0.52 -0.24 0.31 -0.15 3.24 x  10“ 6 8.13 1.29 x  IO-2 8.14 2.79
S 9 -0.44 0.37 -0.13 -0.21 1.41 x  10“ 6 2.88 x  101 4.57 x  IO-2 2.89 x  IO1 5.20
L 11 -0.57 -0.58 -0.13 -0.21 1.05 x  IO -6 3.24 5.13 x  1 0 - 3 3.24 1.78
I 15 -0.91 -0.73 -0.13 0.32 4.79 x  10~7 7.76 1.23 x  10“ 2 7.77 2.73
M 16 -0.79 -0.07 -0.59 -0.23 2.19 x  1 0 - 7 1.00 x  101 1.58 x  I O '2 1.00 x  IO1 3.09
I 18 -0.91 -0.73 -0.44 -0.11 2.34 x  1 0 - 7 2.88 4.57 x  IO” 3 2.89 1.68
rp  19 -0.79 -0.07 -0.59 -0.23 2.19 x  IO "7 1.00 x  101 1.58 x  IO-2 1.00 x  IO1 3.09
p  25 -0.52 -0.24 0.31 -0.15 3.24 x  IO -6 8.13 1.29 x  IO "2 8.14 2.79
<p 26 -0.79 -0.07 -0.43 0.06 3.16 x  IO "7 1.95 x  101 3.09 x  IO- 2 1.95 x  IO1 4.29
G 27 -0.02 0.27 -0.44 -0.11 1.81 x  IO -6 2.88 x  101 4.57 x  1 0 - 2 2.89 x  IO1 5.20
L 28 -0.57 -0.58 0.22 0.17 2.34 x  IO "6 7.76 1.23 x  IO "2 7.77 2.73
G 29 -0.02 0.27 -0.13 -0.21 3.70 x  IO -6 2.29 x  101 3.63 x  1 0 - 2 2.29 x  IO1 4.64
j  30 -0.91 -0.73 0.22 0.17 1.07 x  IO "6 5.50 8.71 x  IO” 3 5.50 2.31
H 31 0 -0.1 -0.59 -0.23 1.35 x  IO -6 9.33 1.48 x  10“ 2 9.35 2.99
V  34 -0.74 -0.7 -0.32 0.22 4.57 x  IO- 7 6.61 1.05 x  IO-2 6.62 2.52
C 35 -0.54 0.62 -0.3 -0.14 7.59 x  IO "7 6.03 x  101 9.55 x  10“ 2 6.04 x  IO1 7.45
v 36 -0.74 -0.7 -0.46 0.55 3.31 x  1 0 - 7 1.41 x  101 2.24 x  10“ 2 1.41 x  IO1 3.66
I 37 -0.91 -0.73 -0.3 -0.14 3.24 x  1 0 - 7 2.69 4.27 x  1 0 - 3 2.70 1.63
T  39 -0.79 -0.07 -0.19 -0.24 5.50 x  10“ 7 9.77 1.55 x  IO "2 9.79 3.06
A 41 0 0 0 0.14 5.25 x  IO- 6 2.75 x  101 4.37 x  IO-2 2.76 x  IO1 5.08
Q 42 -0.47 0.06 0 0 1.78 x  IO "6 2.29 x  101 3.63 x  IO-2 2.29 x  IO1 4.64
V  47 -0.74 -0.7 0.58 -0.18 3.63 x  IO-6 2.63 4.17 x  IO-3 2.63 1.61
L 48 -0.57 -0.58 -0.3 -0.14 7.08 x  10“ 7 3.80 6.03 x  IO-3 3.81 1.93
V  49 -0.74 -0.7 -0.13 -0.21 7.08 x  IO "7 2.45 3.89 x  10“ 3 2.46 1.55
Q 52 -0.47 0.06 0.22 0.17 2.95 x  IO "6 3.39 x  101 5.37 x  10“ 2 3.39 x  IO1 5.62
j  54 -0.91 -0.73 -0.29 0.12 3.31 x  IO- 7 4.90 7.76 x  10“ 3 4.91 2.18
y  6 0 -0.41 -0.27 -0.29 0.12 1.05 x  IO "6 1.41 x  101 2.24 x  1 0 - 2 1.41 x  IO1 3.66
L 62 -0.57 -0.58 -0.29 0.12 7.24 x  1 0 - 7 6.92 1.10 x  10“ 2 6.93 2.58
E 71 -0.9 -0.51 -0.13 -0.21 4.90 x  10“ 7 3.80 6.03 x  1 0 - 3 3.81 1.93
L 72 -0.57 -0.58 0.31 -0.15 2.88 x  IO-6 3.72 5.89 x  IO "3 3.72 1.90
y  73 -0.79 -0.07 -0.13 -0.21 6.31 x  IO- 7 1.05 x  101 1.66 x  IO-2 1.05 x  IO1 3.16
v  74 -0.74 -0.7 -0.44 -0.11 3.47 x  1 0 - 7 3.09 4.90 x  IO "3 3.10 1.74
L 75 -0.57 -0.58 -0.3 -0.14 7.08 x  1 0 - 7 3.80 6.03 x  10“ 3 3.81 1.93
Y  76 -0.79 -0.07 -0.13 -0.21 6.31 x  IO- 7 1.05 x  IO1 1.66 x  10“ 2 1.05 x  IO1 3.16
L 77 -0.57 -0.58 -0.44 -0.11 5.13 x  u r 7 4.07 6.46 x  IO-3 4.08 1.99
I 78 0.9 -0.3 -0.13 -0.21 3.09 x  IO -5 6.17 9.77 x  10~3 6.18 2.44
K 82 -0.56 -0.04 0.31 -0.15 2.95 x  IO "6 1.29 x  101 2.04 x  IO "2 1.29 x  IO1 3.50
F  33 -0.52 -0.24 -0.29 0.12 8.13 x  IO- 7 1.51 x  101 2.40 x  10“ 2 1.52 x  IO1 3.79
j  86 -0.91 -0.73 0.58 -0.18 2.45 x  IO” 6 2.45 3.89 x  IO-3 2.46 1.55

fb 00 -0.59 0.08 -0.59 -0.23 3.47 x  IO-7 1.41 x  IO1 2.24 x  IO-2 1.41 x  IO1 3.66
j  9 0 -0.91 -0.73 -0.43 0.06 2.40 x  u r 7 4.27 6.76 x  IO” 3 4.27 2.04
s  91 -0.44 0.37 -0.59 -0.23 4.90 x  1Q~7 2.75 x  101 4.37 x  10“ 2 2.76 x  IO1 5.08

C ontinued on N ext Page.
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Table E.2: Inh ib ited  HRV14-3C K rc C alculations -  C ontinued

Res I'acid Obase Racid O-acid A ntilog K, 1a A ntilog Kb2 Antilog K. 3w TC 4 xvrc 1 s- 1 K rc (T )5 s - 1

A 99 0 0 0.58 -0.18 2.00 X 10-■5 1.32 X 101 2.09 X 10-■2 1.32 X 101 3.54
T 100 -0.79 -0.07 0 0 8.51 X 10--7 1.70 X 101 2.69 X 10--2 1.70 X 101 4.01
L 101 -0.57 -0.58 -0.44 -0.11 5.13 X 10--7 4.07 6.46 X 10"•3 4.08 1.99
V 102 -0.74 -0.7 -0.13 -0.21 7.08 X 10--7 2.45 3.89 X 10-■3 2.46 1.55
V 103 -0.74 -0.7 -0.3 -0.14 4.79 X 10-■7 2.88 4.57 X 10--3 2.89 1.68
L 113 -0.57 -0.58 -0.59 -0.23 3.63 X io - ■7 3.09 4.90 X 10--3 3.10 1.74
V 115 -0.74 -0.7 0.31 -0.15 1.95 X io - -6 2.82 4.47 X 10--3 2.82 1.66
G 116 -0.02 0.27 -0.3 -0.14 2.50 X io - ■6 2.69 X 101 4.27 X 10--2 2.70 X 101 5.02
V 118 -0.74 -0.7 -0.19 -0.24 6.17 X 10"•7 2.29 3.63 X 10"-3 2.29 1.50
A 121 0 0 -0.28 0.11 2.75 X 10“-6 2.57 X 101 4.07 X 10"-2 2.57 X 101 4.91
J  124 -0.91 -0.73 -0.13 -0.21 4.79 X io - -7 2.29 3.63 X 10“-3 2.29 1.50
L 126 -0.57 -0.58 -0.13 0.32 1.05 X io - -6 1.10 X 101 1.74 X io - ■2 1.10 X 101 3.23
T 131 -0.79 -0.07 -0.19 -0.24 5.50 X io - -7 9.77 1.55 X 10"-2 9.79 3.06
N 132 -0.58 0.49 -0.44 -0.11 5.01 X io - -7 4.7 x  1091 7.59 X io - ■2 4.79 X 101 6.66
R 133 -0.59 0.08 -0.13 0.32 1.00 X io - -6 5.01 X 101 7.94 X 10"-2 5.02 X 101 6.81
M 134 -0.64 -0.01 -0.32 0.22 5.75 X io - •7 3.24 X 101 5.13 X io - -2 3.24 X 101 5.50
j  135 -0.91 -0.73 -0.28 0.11 3.39 X 10"-7 4.79 7.59 X io - ■3 4.79 2.16
Y 137 -0.41 -0.27 -0.32 0.22 9.77 X 10“-7 1.78 X 101 2.82 X io - -2 1.78 X 101 4.10
Y 139 -0.41 -0.27 0.58 -0.18 7.76 X io - -6 7.08 1.12 X io - -2 7.09 2.61
T 141 -0.79 -0.07 0 0 8.51 X io - -7 1.70 X 101 2.69 X 10“■2 1.70 X 101 4.01
Q 145 -0.47 0.06 0.22 0.17 2.95 X 10"-6 3.39 X 101 5.37 X io - -2 3.39 X 101 5.62
G 147 -0.02 0.27 -0.46 0.55 1.73 X io - ■6 1.32 X 102 2.09 X 10”-1 1.32 X 102 10.9
G 148 -0.02 0.27 0.22 0.17 8.28 X io - •6 5.50 X 101 8.71 X 10"-2 5.50 X 101 7.13
V 149 -0.74 -0.7 0.22 0.17 1.58 X io - -6 5.89 9.33 X 10"-3 5.90 2.39
L 150 -0.57 -0.58 -0.3 -0.14 7.08 X io - -7 3.80 6.03 X 10“■3 3.81 1.93
C 151 -0.54 0.62 -0.13 -0.21 1.12 X io - -6 5.13 X 101 8.13 X 10"-2 5.14 X 101 6.89
A 152 0 0 -0.46 0.55 1.82 X io - -6 7.08 X 101 1.12 X 10“-1 7.09 X 101 8.07
K 155 -0.56 -0.04 0.22 0.17 2.40 X 10"-6 2.69 X 101 4.27 X 10"-2 2.70 X 101 5.02
F 157 -0.52 -0.24 -0.59 -0.23 4.07 X 10"•7 6.76 1.07 X 10“-2 6.77 2.55
G 158 -0.02 0.27 -0.43 0.06 1.85 X 10--6 4.27 X 101 6.76 X io - -2 4.27 X 101 6.29
j  159 -0.91 -0.73 0.22 0.17 1.07 X 10--6 5.50 8.71 X 10"-3 5.50 2.31
H 160 0 -0.1 -0.59 -0.23 1.35 X 10-•6 9.33 1.48 X 10-■2 9.35 2.99
V 161 -0.74 -0.7 0 0.14 9.55 X 10--7 5.50 8.71 X 10"-3 5.50 2.31
G 162 -0.02 0.27 -0.3 -0.14 2.50 X 10--6 2.69 X 101 4.27 X 10--2 2.70 X 101 5.02
G 163 -0.02 0.27 0.22 0.17 8.28 X 10--6 5.50 X 101 8.71 X 10"-2 5.50 X 101 7.13
N 164 -0.58 0.49 0.22 0.17 2.29 X 10-■6 9.12 X 101 1.45 X 10--1 9.13 X 101 9.13
Q 167 -0.47 0.06 -0.32 0.22 8.51 X 10-■7 3.80 X 101 6.03 X 10-■2 3.81 X 101 5.95
G 168 -0.02 0.27 -0.27 0.2 2.68 X 10--6 5.89 X 101 9.33 X 10--2 5.90 X IO1 7.37
F 169 -0.52 -0.24 0.22 0.17 2.63 X 10-■6 1.70 X 101 2.69 X 10--2 1.70 X 101 4.01
S 170 -0.44 0.37 -0.43 0.06 7.08 X 10-•7 5.37 X 101 8.51 X 10--2 5.38 X 101 7.05
A 171 0 0 -0.39 0.3 2.14 X 10--6 3.98 X 101 6.31 X 10"-2 3.99 X 101 6.08
Q 172 -0.47 0.06 -0.27 0.2 9.55 X 10--7 3.63 X 101 5.75 X 10--2 3.64 X 101 5.82
L 173 -0.57 -0.58 -0.27 0.2 7.59 X 10-■7 8.32 1.32 X 10--2 8.33 2.83
K 174 -0.56 -0.04 -0.13 -0.21 1.07 X 10"-6 1.12 X 101 1.78 X 10--2 1.12 X 101 3.27

Hog K tt= lo g  K a ,r e /+ lo g  A L + lo g  A n -p D ; w h e re  K a ,re / = 1 .6 2  a n d  p D = 6 .9
2log K(,=log K b ,r e f + log B i+ log  BH-log[OD~]; where Kb,re f = 1 0 .0 5  and log[OD~]=6.9-15.65=-8.75 
3log Kw=logKw,re/+ log  B^+log Bjj; where K w,r e f=-1.5
4K rc =  K a + K i,+ K w =  K a,r e f (A L * A B)[D + ] + K i ,r e / ( B i  * B fl) [ O D - ] + K tl(,re /(B L  * B r ) 
5Krc(T)=K rc(293)exp(—f3a[l/T  — 1 /293]/-R); where Ea=17 kcal/mol and R=1.987 cal/K m ol
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